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FOREWORD

Nt By Bm

The general theme of the research supported under US ARO Grant No.
DAAG29-84-K-0126 was the investigation of process parameter-growth en-

vironment-film property relationships for sputter deposited binary oxide

o e T
-

and nitride films grown by reactive sputter deposition on unheated sub-

Ve
Eaxll

strates.

The original proposal was entitled "Low temperature film growth of

Vi
%

T T
.

the oxides of zinc, aluminum , and vanadium by reactive sputter deposi-

- -
et
-

tion” ,and was submitted for funding consideration in September 1983.

The work which was ultimately funded and begun in July 1984 was broader

Y 274

‘.. in scope in terms of discharge characterization and diagnostics than

=%

originally proposed. The work actually carried out was even broader in

.:,: ‘ terms of the investigation of four new materials systems, Al-N, W-N,

48 t‘ Au-0, and Ge~0, in addition to the original three, A1-0, 2n-0, and V-0.
::'. ‘_: Nitrides, as well as oxides, were included. .The precise reasons why

;: & a particular materials system was chosen to add are given in the Progess

Reports, written at six-month intervals throughout the duration of

4

¢

the research.
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In accordance with the suggested format, the Final Report is

-
-
e
13

& , structured as follows. Section I contains a statement of the problem
" in,_'
A

. addressed. Section II contains a description of the research highlights.

»

A .
’l: . For experimental details or for information about materials systems + For
- o 3¢
;.; not covered in Sec. II, the reader is urged to consult the publications a
( o ] 0
;'. *’u ]
.:c' ™ supported under this grant, which are listed in Sec. III. Several of lom
oyt
W
:',a' ¥ these publications are contained in the Appendices. The participating

UNBP ton/
‘;;;, scientific personnel and degrees awarded are listed in Sec. IV. 11ty Codes
:.', t,} - | jAvail and/or
’:'. o9 , , {DLat Special
Z:‘o ‘ \
) v

» ".‘ \\‘~' ;;
";: Py -

e

P R

AT N AT T B A AT AT W - - - I LI I L TCA S W Wy Wy - LR N R o P W WL W W
~~ 5 . h\‘ o “ate. ‘ -‘ P g S Ny W l..oh,- -kn WY \ o‘l \" ) Ay \' - "‘-‘) > k ~ L I" \ .'. .' " f “' » N



-ij-

The principal investigator acknowledges her contract monitor,

Dr. R.R. Reeber, for many helpful suggestions in terms of the direction

T N5 =

,‘:;-* of the research. She acknowledges her colleagues: Prof. M.G. Lagally

-
T e
- -

for making available the Auger-~-ESCA lLaboratory at UWw-Madison; Prof.

B.E. Brown for use of the x-ray diffraction facilities at the Center

]
-

& =
=
72‘

for Great Lakes Studies and in the Department of Geological Sciences,

:':: % UW-Milwaukee; Prof. M.E. Marhic for use of the infrared Spectroscopy

kL ' facility in the Technological Institute, Northwestern University;

. g Prof. R.A. Weeks for electron spin resonance measurements at Vander-

5

‘:‘:‘ bilt University and for aid with understanding defects in tetrahedrally
" ﬁ bonded bulk oxide glasses; and Prof. G.S. Baker, Materials Department,
g" g UW-Milwaukee, for fruitful discussions, proof-reading of manuscripts,
::E: and his generous support and encouragement.

v

o
}
:" e
Wi
,;: . Carolyn Rubin Aita
v
. & Milwaukee, Wisconsin
>y B
2 February 1988
e &

X7

‘ l( ’
F '-".’
L
o,
S
1 v
h)
i
N
e

5
O% ™ I L O e N S MO CA AN S Nt e L R LA A, e N T A L X ‘-},“N‘&‘d
Es. X AU LA Ot 0t X ) G OO 0, VN A N .9 X X) A LX)



wmmmmmwmmvmvvvmmm |";
'.:::

a ‘g.':'

B

e

e

JABLE OF CONTENTS R¥}

' i
B SECTION PAGE i
R

FOREWORD i -

g ‘:?:v
o

I. STATEMENT OF THE PROBLEM STUDIED 1 .,g.:

8 i
II. SumMary oF THE MosT IMPORTANT RESULTS 2

S ‘.l"‘
gg 1. Phase transitions in the Al-N system: Q&
Construction of a ternary gas composition $&s

diagram. 4 W

ﬁ R
2. Corrosion behavior of Al, Ale<1-cermet, and e |
AlN-coated mild steel. 6 w&

al 3‘5
§s 3. X-ray photoelectron loss spectroscopy of two ¢$
i aluminas and AIN. 8 y

L >
£

Optical behavior of sputter deposited vanadium

pentoxide: Relationship to vanadyl oxygen e

‘ vacancies. 10 k
-\ ." ‘:
Y 5. Phase transitions in W-nitride films sputter #%
deposited using Ar-N,, Ne-Nz, andNz discharges. 12 Qg

&

B! 6. Sputter deposition of Au-oxide. 14 ﬁ%
V)

7. Process-induced disorder in sputter deposited
glassy germania. 19 }

e oo

References 20

sy
T

» II1. PusLIcATIONS SupporTED BY US ARO I
n 01
My 1. Refereed publications. 22 2¥
< 2. Papers presented at symposia 24 \ )
.« Q':‘

¢
< IV, PARTICIPATING SCIENTIFIC PERSONNEL AND o
L DeGReEs AWARDED 26 |

- - - - . - - -, - .
't'l-l-l.a,l‘l 8. .'(~ Y ", .'A.:..'l'..n" AAs ~~ i



e
.
?

-..-

,v::,;

o‘.‘e'

ﬁ
i

' SECTION PAGE i
9

i

V. APPENDICES v

el

g %
A. Glow discharge mass spectrometry for sputtering Rf

discharge diagnostics Al Y

g B. Growth of Al and Al-nitride films in N,-Ne and ::E;
Nz-(Ne+Ar) discharges: Construction o% a et

e térnary gas phase diagram. Bl ‘“§
X . "
C. Al, Al-N alloy, and AlN-coated steel corrosion f%:

g behavior in 0,-free KCl solutions. Cl "-
",N'.

D. Characterization of sputter deposited Al-nitride 'k&

and Al-oxide by x-ray photoelectron 1loss ;‘%

}& spectroscopy. D1 Gl
E. Optical behavior of sputter deposited vanadium iﬁ%

i pentoxide. El W
i o

' F. Low-temperature oxidation of nonstoichiometric 's:':'.‘«

sputter deposited vanadium pentoxide. F1 i

-
o
l‘ :-

Interlayer spacing of sputter deposited vanadium

pentoxide films. Gl .
. e
ﬁ* H. Resistivity changes and phase evolution in W-N !',.'.
films sputter deposited in Ne-N, and Ar-N, PO
b discharges. H1 “3
w, . D
e I. Au0’ and Auo,” gaseous ions formed during the ":‘;
o sputter depogition of Au films in Ar-O2 x
o discharges. Il ]
% A
N J. 1) Optical emission from neon/oxygen rf sput- .
b tering discharges. J1.1
b . . + + + .. -
2) Figure J2.1 relating Ne , O, , and O ionic -
o flux to the discharge 0, conteﬁt.... J2.1 e
w N
- 3) O+, 0 +, 0 *, and 04+ ions in Ar-0, sputter- ;
" ing discfiargeg.... J3.1 o
! _f\
» 4) (ArO)+ and Ar02)+ ions in rf sputter depo- :::
sition discharges. J4.1 XA
,{; \-‘r.\

o
1]
~

Near ultraviolet-visible-near infrared optical
behavior of sputter deposited Ger (1.85<x<2.30) K1 .




I. STATEMENT OF THE PROBLEM STUDIED
The research we undertook was the investigation of process
parmeter-growth environment-film property relationships for vari-

ous binary oxide and nitride films grown near room temperature

by reactive sputter deposition using an elemental target,

The thrust of the experimental program was three-fold and

¥

e

included:

ey

1) Film deposition

2) In situ sputtering discharge characterization

RS

3) Film characterization

7

We combined the results from these areas to determine process

&

parameter-growth environment-film property relationships for a

Kl 4
R4 A

particular materials system. We then sought to compare behavior
in different materials systems in order to determine general

trends.

AN

In the course of the study, we worked with seven materials

% S o R ST S A
=

systems: AlJ-0, V-0, Zn-0, Al-N, W-N, Au-0, and Ge-0. These

A I

systems were chosen for two reasons. 1) They contain technolog-
ically interesting materials. Understanding how to reproducibly

synthesize these materials is of practical importance. 2) Each

S bl S = oy
pAs

system was considered to be representative of a class and was

o

2,
e

4

used as a model to extend and generalize processing-growth

oos e

environment-property relationships.

The chemistry, crystallography, and microstructure of a met-

(1)
al oxide or nitride film grown by reactive sputter deposition

"t

depends upon the relative flux of metal, metal oxide/nitride, and

and oxygen/nitrogen species which arrive at the substrate, are

S OO R 2 EGRF S
AT

......... PRI SR LT L LR T
ROALES R R N (O AN



adsorbed, and are ultimately incorporated into stable nuclei
which coalesce to form a continuous film. 1In terms of events
that occur in the glow discharge or at the electrodes, the
factors which control)l film chemistry/crystallography/micro-
structure are:

1) Processes occurring at the target which affect the
balance between the rate of removal of metal atoms and the rate
of formation and removal of metal oxide/nitride molecules.

2) Plasma volume processes: collisional and radiative

processes which lead to either the oxidation/nitridation of

sputtered metal atoms, or to the dissociation of sputtered metal

oxide/nitride molecules,

...‘}lv'—..l

3) Processes at the substrate which affect the adsorption,

=

surface diffusion, bulk diffusion, and desorption of metal,

oxygen/nitrogen, and metal oxide/nitride species,

A

We sought to identify the active gas phase species

responsible for a particular type of film growth and the Jocation

-

F

of the controlling reaction(s) in which the species is engaged

(that is, at the target, in the plasma volume, at the substrate),

BN

Two process parameters were studied extensively: nominal

P

gas composition and cathode voltage. Changes in these parameters

affected large changes in discharge chemistry, discharge power,

| 35

and deposition rate, as will be discussed in relation to specific

'.“"-'

materials systems in Sec., II.

Neutral and ionic species in the plasma volume were studied

(2)
using optical) emission spectroscopy and glow discharge mass

.

spectrometry (Appendix A). A battery of analytical techniques

.
.........
.....................
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were used to characterize film crystallography, chemistry,

microstructure, optical behavior, and electrical resistivity.

e o S

We next present a summary of the most important results,

Experimental details relating to the synthesis of a particular

AL
w5

2 material or to a particular plasma reaction are contained in the

Appendices.
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1. Phase transitions in the Al-N system: Construction of a :ﬁﬁh
o,
ternary gas composition diagram (N -Ne-Ar). D
2 ’ \-‘t «I.
Son
. . . Yol
An Al target was sputtered using N -bearing discharges "kﬂ
2 \
containing Ne, Ar, and Ne+Ar mixtures, Films were deposited on s020
o
on Supersi) fused Si0 and <1l1l1l>-cut Si substrates., Their prop- %}'j
2 FNy
erties were studied, post-deposition, using x-ray diffraction, ﬁ
i
Rutherford backscattering spectroscopy, resistivity measurements, ERsd
. s e
and transmission spectrophotometry, From the results, a three- E$ﬁk
t l" )
- s . )
gas composition diagram was constructed onto which A)l-N phases :%ﬁw
. i
were mapped (Appendix B). : oy
S5
AIN has a wurtzite-type hexagonal close-packed lattice stru- §£§~
A J"N (]
cture. We found that phase transitions in the sputter deposited g:
(3) ey
Al-N system were as follows: <1lll>-texture Al -> <111> -tex- 'é
‘:ﬁ f__
ture A)(N) -> microcrystalline AIN cermet -> microcrystalline st
X :.r:(
AIJN -> multiorientation AIJN -> single basal orientation AIN. For jﬁk
'\'r'\"'
the same nominal discharge N content, the use of Ne rather than Jﬁﬁi
2 A
Ar as the rare gas component of the discharge supressed the 'qﬁj'
Sl
:\-:.‘-I‘ 3
formation of the Al, AIN -cermet, and microcrystalline AIN _$5¢
X NN
structures, and enlarged the region of rare gas/reactive gas e
composition over which basal orientation AIJN was formed. Q?‘~
+ o haO)
In situ optical emission from N and A) species in the S?ﬁ
2 I,
plasma was used to relate the transition from AJ->AIN films to .
+ o) YRS
an increase in the relative flux of N /Al 1in the plasma ﬁx&:
2 + PR
volume, as detailed in Appendix B. The increase in N in the {bﬁ;
2 TR
plasma volume in N -Ne discharges compared to N -Ar or pure N "
2 2 2

discharges (p.Bl6, Fig. 2) results from the Penning ionization

‘.

P "y "y =" R N AU N S A S PR i A q‘.;J‘_'-- R A I NN
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ground state N by a Ne atom in a Jow-lying metastable energy
state, Ne.m(4$§nning ionization of N20 b¥5?rm is energitica]]y
impossible. Al cannot chemisorb N ©, whereas N dissoc-
iates upon impact with a surface (tar;et or growth inierface),
releasing N species which react with A].(6)

AIJN is formed at and sputtered from the target surface

in coincidence with its formation at the substrate., This can

be seen by a comparison of growth rate and A]o optical emission

in the N -Ar system.(7) Figure 1, p.B1l5 shows that the transition
from A) E> AIN films was completed when the discharge contained

20% N . At that point, the deposition rate had dropped to 45%
2 0

of its value in pure Ar but the Al optical emission intensity

had dropped much Jower, to 17%. Clearly, Al-bearing

species in addition to atomic Al were being sputtered from the

target surface,.
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2. Corrosion behavior of Al, AIN -cermet, and
AlN-coated mild ste:;{

We utilized the ternary gas composition diagram described
in Sec. I1.l to deposit a set of A)l-N films with a wide range of
chemistry, crystallography, and microstructure on 1808 steel
substrates. The films ranged from large-grained, porous,
metallic Al to two cermet structures to fine-grained, non-porous
AlJN., Corrosion rates of the steel+coating composite were
measured in an O -free #.2M KC] electrolyte under conditions of
cathodic po]ariz:tion. Details of the experimental procedure,

materials characterization, and the results of the corrosion

experiment are given in Appendix C.

To summarize here, the results show that a 1rm-thick AJN

coating Jowers the corrosion rate of steel by over an order of
magnitude. The corrosion rate increases with increasing Al
content in the coating, and ultimately exceeds that of both
bare steel and bulk Al).

Two models are presented to explain the results. A
non-porous,non-reactive electrode model is used to describe the

corrosion behavior of AlN-coated steel, with the overall

_'.lxl .
<
;.

corrosion reaction:

).,
%5

"f%
oSy
L

°

the other extreme, a porous, reactive electrode model is used

describe the behavior of Al-coated steel, In addition to the

. L] - n - . LA RAT . a el . v - - - " AR R - . » - - A | - - - LU | A 1 A" | - .ﬁ'
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Eq. (1), four other corrosion reactions are proposed to occur,
based on a galvanic reaction between Al and Fe. These reactions

9 are described on pp. C7-8.
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3. X-ray photoelectron loss spectroscopy of two aluminas and

aluminum nitride.

o
i X-ray photoelectron loss spectroscopy (XPLS) is an
ﬁ application of x-ray photoelectron spectroscopy (XPS) which
ﬁg involves determining the energy separation, AE, between a core
photoelectron peak and its principal loss peak.
g Three materials were studied here, described in Appendix D:
1) Basal orientation AIN sputter deposited on <11l1l>-cut Si.
ﬁg 2) Amorphous (a-) Al O sputter deposited on <1ll1>-cut Si.
h 3) Bulk single cryst:JBbasa] orientation'x-A]203.
’ It is not possible to distinguish these materials on the basis of Tos]
?5 the chemical (Siegbahn) shift in the binding energy of the Al2p Eﬁvﬁ

A
=S

and Al2s electrons alone, or to even precisely measure the

P < !’.

7,

binding energy, since charging shifts are on the order of several

ez

ev.

L AL
55

-
ON

C

XPLS results show that these materials can be distinguished

d

by differences in AE, independent of sample charging (p.D6,

fxz ]

v

Figs.5&6). Furthermore, a comparison of AE for the two aluminas

as a function of depth from the surface (p.D6, Figs.3&4) shows

\l

‘.:‘ ".'
 .1

that both forms have the same value of AE at the surface,

Pex] &%

but a-A)l 0 has a Jower wvalue thanoQ—A] 0 below the surface,

SE It has bzeg proposed(a) that AE increas§s3with increasing ‘T\U
- ionicity of the same cation. An etching study (g)on a-Al 0 ;.‘
E§ showed that A) at the surface was in 6-fold coordination w?ti o, gtN:
oy as ino{-A]l 0 , and that its coordination number decreased on the S?:E
" interior og 2he film, decreasing its ionicity. LJE
%& There is agreement between A E obtained by XPLS and ;g*f

A A S A A 2 2 A AR ST X




calculations based on a free electron gas model assuming a c'.,c

X
more theoretical work must be done to show that this agreement is ol

¢
. plasmon origin of the loss spectra (p.D7 Table II). However, -
g not coincidental.
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4., Optical behavior of sputter deposited vanadium pentoxide:

Relationship to vanadyl oxygen vacancies,

Vanadium pentoxide has a sheet-like structure, consisting of
alternating layers of V+0 atoms and O atoms alone (vanadyl] O

layer), as discussed in Appendices E and F. 1In a preliminary
study,(IG) we showed that VvV 0 can be grown by reactive sputter
deposition on unheated <1ll§-:ut Si, <8@61>-cut «~-A] O , Supersil
fused Sioz, and laboratory glass slides., Without exgegtion, the

films grew with layers aligned parallel to the substrate plane,
that is, with the b-axis or <@1@> crystallographic direction
perpendicular to the substrate,

The Jocal environment around a V atom in a perfect V O Jat-
25
tice is shown in Fig. la, p.Fl, where b 1is the ideal interlayer
0

spacing. Filwms were deposited in which deviation from the

ideal, measured by 4b=(b-b )/b , ranged from -@.23% to +1.14%

o o)

(Appendix G). Based on growth rate data and optical emission
(19)

from excited atomic Vv in the discharge, we concluded that an

oxide Jayer had formed at the target surface once the 0 content
2

of the discharge reached a critical value, after which the target

no Jonger acted as a getter for 0 . The value of b was related
2
to the state of target oxidation., Films in which b<b were
o
deposited from a target whose surface was not fully oxidized.

After target surface oxidation was complete, the interplanar

layer spacing rose rapidly to b>b . Films in which b=b were

o o
produced in a discharge which contained the critical 0 content
2
for -target surface oxidation. A deviation of b from b was
o

associated with defects in the vanadyl 0O layer.

R G O ARG T
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For the case of b<b , the defects were vanadyl O vacancies,
o
as shown in Fig. lc, p.Fl. It was shown in a theoretical

(11)
study that in the case of an isolated defect, excess charge

is localized near the VvV site adjacent to the vanadyl O vacancy,
+4
giving the ion a v nature, Yet, the structural order of the

material remains unchanged. At the other extreme, it was obser-

ved in bulk reduced V 0 , that when enough vanadyl O atoms were
25
missing, the two adjacent V+0 layers collapse and a vson stacking
(12)

fault is formed.

In this study, we observed a change in V-0 coordination as
a change in position and shape of the fundamental optical
aborption edge., For less extreme cases of b<b , the position of
the fundamental optical absorption edge was cogsistent with that
reported for single crystal v 0 , as discussed in Appendix E.
However, the absorption edge had a Jow energy tail which became
more pronounced as &b became more negative, i.e. when more
vanady] O vacancies were present., For small negative A b, the
tail] consisted of two discrete absorption bands related to states
within the energy band gap which were not continuous with either
valence or conduction band edge. Electronic transitions possibly
responsible for these discrete bands are 1) 3dl->3d1 trans-
itions of the V+4 ion in the complex containing the vanadyl

(13) 1 +4

0 vacancy, or 2) transitions between a 3d Jlevel of the Vv
ion and an empty V 3d state at the bottom of the V 0 conduction

25 (11,14)
band which has been Jocally perturbed to lower energy.
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5., Phase transitions in W-nitride films sputter deposited using
Ar-N , Ne-N , and N discharges.
2 2 2

A W target was sputtered in N -bearing discharges containing
Ar or Ne, Films were deposited on2<111>-cut Si and laboratory
glass slides. Their properties were studied using x-ray
diffraction and resistivity measurements. Details of the
experimental procedure are given in Appendix H. The phases
present in the films were determined by consideration of
crystallography and electrical behavior.

Published information about the W-N system is Jimited.
Neither the compositional range of the equilibrium phases,
fcc W N and hexagonal WN, nor the metastable phases which are
formeg are well understood. Much of the thin film work on
sputter deposited W-nitrides was carried out by Nicolet and
co-workers (Appendix H, Refs. 1-3) who were interested in barrier
Jayer behavior. 1In the present study, we are interested
determining the effect of carrier gas type on nitridation.

The results show that films deposited in pure rare gas
discharges are two-phase, consisting of bcc o(-W, the equilibrium
phase, and fcc §-W, a metastable phase. The following sequence
of phase transitions were observed as N was added to an Ar
discharge: Jow resistivity microcrystaf]ine structure, a-W(N) =>
W N -> high resistivity microcrystalline structure,
X?Wizgtride. The use of Ne instead of Ar accelerated the form-

mation of the higher N content phases and supressed the

formation of a-W(N). The major diffraction peaks are shown in

»

R -

-
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Fig. 3, p.H1S. Crystallographic parameters are given in
Table II, p.Hll.

Neither fcc g-W(N) (containing >18-<33 atom% N) nor fcc W N
was found in the films. The two microcrystalline st:n.nctm'es,2 '

a-W(N) and x.w-nitride) have also been observed by Affolter et

?: a],(IS)but cannot be associated with the equilibrium phases of

".‘; ‘:S'.I W-nitride., A series of six hexagonal layered W-nitride phases ;
. ranging in composition from W N to WN were reported over |
\ §§ (16) 2 2 .

R twenty-five years ago. These phases, prepared by nitriding

SE g.: thin W filJms in NH , are interesting for the following reasons. _f
. 1) They represent : change in lattice parameter perpendicular

“ zﬁ' to the basa) plane (c-axis) with almost no change in lattice t
: parameter within the basa) plane (a-axis). 2) Their bonding spans

o ‘ a metallic -> covalent transition. 3) They are non-Haag phases -
E "2 spanning a wide range of stoichiometry and cannct be predicted ]
, - from conventional principles for determining the crystal

5 & structure of interstitial compounds.(17) 4) They are similar

: ‘ in structure to the layered equilibrium phases of transition-

, E:' metal borides.(]g)secause of their large c/a ratio, the diffraction )
il pattern of these phases consist of closely-spaced, perhaps

; = unresolvable, peaks in the vicinity of 20:=35-u40°, correspon-

;,: E ding to reflections from {10l.1} planes with 1=0-3. This

A type of pattern is observed in the diffraction scans of both

, '.f" a-W(N) and X.W-nitride.

g o
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6. Sputter deposition of Au-oxide.

The effect of oxygen on the growth of Au films has been of
continuing interest for over twenty years (Appendix I,
Refs. 1-4), with an eye towards understanding improved film

adhesion when 0 1is added to an Ar sputtering discharge. 1It was
2
suggested that an Au-oxide formed at the substrate which aided

bonding, and that the oxidation process was assisted by
active oxygen species in the discharge, in particular 0 +.

Previous studies of Ar-0 and Ne-0 discharges arezinc]uded
in Appendix J. 1In Ar-0 , it 5as found %hat the number of O *
ions was proportional tg the nominal O content of the discﬁarge.
This was not the case with Ne-0 , wherz the Penning process at
Jow discharge 0 content createg a large population of O '
detected with bgth optical emission spectroscopy and g]oi
discharge mass spectrometry. The effect of a Jarge O ' ion
population at low discharge O content was studied wiih

2 (19-21)

respect to sputter deposited Pt-oxide,

’

Here, we investigated the crystallography (Table I) and

resistivity (Fig. 1) of films deposited from a Au target in

Ar-0 and Ne-0 discharges.(zz) The crystallographic changes
whicg occurredzas 0 was initially added to the rare gas dis-
charge are similar fn the Au-0 and Pt-0 systems. Evidence of

Au-0 bond formation was obtained from the chemical shift of Au 4r
o} +1
electron binding energy. Three oxidation states, Au , Au , and
+3 (23)
Au , were identified. The ratio of the number of Au species

in +1 and +3 states to Au metal is shown in Fig. 2 as a function

P > 7
oI
XA
p W
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e T
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of dfscharqe O content, A comparison of Figs. 1 and 2 clearly
2 +3
shows the relationship between Au species and a large increase

in resistivity, As expected, the use of Ne as the rare gas com-
ponent of the discharge, rather than Ar, enhances the oxidation

of Au at low discharge 0 content,.
2
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Table I: Crystallographic parameters for Au and Au-oxide films
films grown on <1lll>-cut Si and glass slides.

- W e e A e

v AR 3

j Gas Au plane Rel, Int, 28, deg. FWHM, deg.
v Content Si/glass Si/Glass Si/Glass Si/Glass
! (a (b
! Ar 111/111 100/100 38.3/38.2 0.4/8.5
Ar-5%0 111/111 100/100 38.2/38.2 6.3/0.3
P 2 200/200 4/6 44.4/44.3 8.7/0.6
Y 311/311 3/5 77.5/77.2 9.8/0.9
g >
R > Ar-10%0 111/111 1006/100 38.3/38.2 8.3/0.4
] 2 2008/200 14/20 44.4/44.3 8.7/08.7
. ﬁg 220/220 14/15 64.6/64.6 .6/8.5
) 311/311 7/12 77.6/77/5 8.9/0.6
;2 53 Ar-25%0 111/111 160/100 38.2/38.2 8.7/8.7
’ 2 200/200 21/20 44.4/44.3 l1.1/1.0
, 220/229 20/17 64.7/64.6 9.8/1.0
SN 311/311 14/12 77.6/77.6 1.8/1.2
A (c
b Ar-503%0 111/111 100/100 38.2/38.2 2.8/2.1
N 2 (c
Ii Ar-75%0 111/111 190/100 38.2/38.3 1.7/1.7
. 2 (c
104%0 111/111 100/100 38.3/38.2 1.4/1.6
w 2
A
v Ne 111/111 100/100 38.3/38.1 6.5/0.5
|
) Ne-5%0 111/111 100/100 38.2/38.1 #.8/6.8
g 2 200/200 12/11 44.4 44.0 1.1/1.4
R 220/220 11/12 64.5/64.3 1.3/1.3
AIEEAN
- » Ne-18%0 111/111 160/100 38.3/38.1 8.7/0.8
! 2 208/200 12/16 44.2/44.0 1.2/1.5
= 220/220 11/14 64.5/64.3 1.2/1.3
- 311/311 7/7 77.2/77.2 1.3/1.6
;- (c
. Ne-25%0 111/ - 100/ - 38.4/ - 2.4/ -
Y 2 (c
<< Ne-50%0 111/ - 108/ - 38.3/ - 2.1/ -
2 (¢
b 2 Ne-75%0 111/111 100/100 38.4/38.3 1.7/1.1
e 2
- a) 26 for bulk Au reflections: (111), 38.2 ; (2080), 44.5 ;
‘e (220), 64.7°; (311), 77.7° for Cu k« radiation (A =1.5418R).
: b) Broadening due to instrument effects=g.2°,
« ¢) Very weak peaks, metallic Au is only one component of this
:;,c cermet material. A dash (-) indicates no diffraction peak.
1,
" .
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7. Process-induced disorder in sputter deposited

glassy germania,

Glassy germania (nominally GeO ) was studied here as a model
system for a tetrahedral-bonded thii film oxide glass., The
results of a study of the effect of Ar-0 discharge composition
on the near ultraviolet-visible-near inf?ared optical behavior
of GeO (1.85 < x < 2.30) is included in Appendix K. 1In the

X

case of films which are nominally germania (GeO ), there
2.-203

was an increase in disorder in Ge-0 bonding as Ar was introduced
into the discharge without a change4in overall chemistry. The
disorder is manifest by(24) 1) a decrease in the optical) energy
band gap, 2) an increase in optical absorption in the visible
spectrum, 3) an increase in the frequency of the infrared-active
Ge-0-Ge stretch mode, indicating a Jower film density, and 4) an
increase in the width of the infrared-active Ge-0-Ge stretch
band, indicating a larger spread in bond strength from
tetrahedron to tetrahedron. The mechanism by which Ar disrupts

Ge-0 bonding, as well as the nature of the defects created, will
4

be a subject of future research.
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Glow discharge mass spectrometry for sputtering discharge diagnostics

Carolyn Rubin Aita

Materials Department and the Laboratory for Surface Studies, University of Wisconsin-Milwaukee,

Milwaukee, Wisconsin 53201

(Received 4 October 1984; accepted 4 December 1984)

Glow discharge mass spectrometry (GDMS)] is an in situ method used to determine the mass and
energy of positive ions incident on the substrate during sputter deposition. In the first part of this
review, we describe the sputtering glow discharge, creation of positive ions in the glow,
determination of their mass and energy by GDMS, and the relationship between ionic flux and the
flux of corresponding neutral species incident on the substrate. In the last section, several .
examples of the use of GDMS during reactive sputter deposition are presented, illustrating the

strengths and limitations of this technique.

I. INTRODUCTION

Sputter deposition is a glow discharge process used for grow-
ing thin films of both elemental and compound materials.
Although important for the reproducible production of ma-
terials with predictable properties, much remains to be
learned about the manner in which discharge chemistry af-
fects film chemistry and atomic order, from which all other
properties are derived.

Gilow discharge mass spectrometry (GDMS)' is an in situ
method which is used to determine the mass and energy of
positive ions incident on the substrate during the course a
deposition. Positive ions of target species detected by GDMS
are created from, and hence, their population is related to
neutral species in the glow discharge. Information about the
neutral flux incident on the substrate can often be obtained
from a knowledge of the ionic flux.

A survey of the materials systems which have been investi-
gated by GDMS is presented in Table I. The technique has
demonstrated applicability as a basic research tool and as a
means of process monitoring and control. Coburn,' Coburn
et al.,>"* Hecq and Hecq,>'" and Shinoki and Itoh,'? used
GDMS to study the discharges associated with both rare and
reactive gas bombardment of over 20 different target materi-
als. Purdes er al.,'’ and Aita er al.'*'® used GDMS as a
diagnostic tool during reactive sputter deposition to under-
stand film chemistry and structure in terms of discharge
chemistry. Tisone, Bolker, and Latos?®>** used GDMS for
in-line process control.

In the next four sections of this review, we describe the
sputtering glow discharge, the creation of positive ions in the
glow, and the determination of their mass and average ener-
gy by GDMS. Most of the particles incident on the substrate
are uncharged and the relationship between the flux of ionic
species and the corresponding neutral flux is discussed in the
sixth section. In the last section, several examples of the use
of GDMS are presented, illustrating the strengths and limi-
tations of this technique.

Il. THE GLOW DISCHARGE

A glow discharge is one in which the cathode emits elec-
trons under bombardment by particles and light quanta
from the gas. Sputter deposition is carried out in a low pres-
sure glow discharge (107> to 10~ Torr).?* In a planar sys-
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tem, the electrodes are parallel plates separated by several
centimeters. The target is placed over the cathode and the
substrates are placed over the anode.

The discharge is excited by applying a large negative vol-
tage to the cathode (~ 10° V) while the anode is kept near
ground potential. Excitation can be either from a dc or f

TABLE I. Materials systems studied by GDMS.

Target Sputtering gas Ref.
m Al argon 18,19
2 Au argon 7
(3) Co argon 4,7
# Cu argon 16

neon 57
argon + OXygen 13
neon + oxygen 13
(5} Eu argon 11
(6) Nb argon 6
(M Ni argon 7
8) Pt argon + oxygen 9
9 Ta argon + oxygen 20,21,22
argon + nitrogen 16,17
(100 v argon 4
(1) Ze argon + nitrogen 12
(12} CdTe argon 6
(13) NaCl argon 4,6
(14) NiO argon 4
(15) GaAs argon 4,6
neon 2
{17 In,0, argon 4
(18) Ta,O4 argon 4
argon + oxygen 20,21,22
(19} ZnO argon + oxygen 14,15
(20) BaTiO, argon 6
21) Y,Fe,0,, argon 6
(22) EuO—6%Fe argon 2
neon 2
(23) Pb.Sn, _, argon 4
(24 Sb,0,-Y,0, argon 4
(25) MnCrSb argon 4
(26) CoNi alloy argon 4
27) NiCu alloy argon 6
(28) MnGaGealloy argon 6
(29) CuTa alloy argon [
{30} FeAlCu alloy argon 14
(31) Teflon argon 6
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626 Carolyn Rubin Aita: Glow discharge mass spectrometry
source. In a dc-excited system, the target is part of the cath-
ode and must be conducting. In an rf-excited system, the
target need not be conducting.**~*® However, to insure that
an equal number of positive and negative charge carriers
strike its surface in an rf half cycle, the target develps a nega-
tive self-bias that can be nearly as large as the amplitude of
the rf voltage applied to the cathode.**?’

Distinct striations of darkness and light develop parallel
to the electrodes. Sequentially from cathode to anode, these
regions are?®:

(1) The Aston dark space, where electrons accumulate to
be accelerated away from the negative field at the target sur-
face.

{2) The cathode glow, primarily associated with the loss of
excitation when positive ions sputtered from the target are
neutralized by electrons near the target surface.

(3) The cathode or Crookes dark space, through which (a)
electrons are accelerated away from the target, thereby gain-
ing sufficient energy to ionize gas species efficiently, and (b)
positive ions are accelerated towards the target, thereby
gaining sufficient momentum to cause sputtering when they
strike the target surface.

The width of the Crookes dark space is determined by the
mean free path over which an electron is accelerated before
undergoing inelastic collisions with gas species which ran-
domize its motion. A large number of positive ions are creat-
ed as a result of these initial collisions, and a strong positive
space-charge region develops at the boundary of the Crookes
dark space and the negative glow.

(4) The negative glow, a plasma sustained by the ionization
of gas species by impact with electrons. The negative glow is
a region of intense radiation, the color of which is character-
istic of the sputtering gas between the electrodes.

(5) The anode sheath, a Langmuir sheath which forms
around an object placed in contact with a plasma.

The discharge is abnormal and obstructed. “Abnormal”
refers to the condition when the entire cathode surface is
covered by the negative glow. “Obstructed” refers to the
placement of the anode close enough to the cathode so that it
is in the negative glow; neither Faraday dark space, positive
column, anode dark space, nor anode glow develops.

The electric field drops from a high value at the target
surface to zero at the boundary between the Crookes dark
space and the negative glow, which acts as a virtual anode.
The motion of both electrons and positive ions changes from
beamlike in the Crookes dark space to random in nature in
the negative glow.

The potential drops from the large negative value ¥, at the
target surface to zero at the boundary of the Crookes dark
space and the negative glow. The potential rises in the nega-
tive glow to a small positive value ¥, (the plasma potential)
relative to the potential at the anode surface ¥, . The surface
of an anode that is not a perfect conductor floats at a small
negative potential with respect to ground.

Sputtering occurs when gas species originating as positive
ions in the negative glow are accelerated across the Crookes
dark space and after undergoing symmetric charge exchange
collisions, X*(fast) + X%slow) -3 X*(slow) + X°fast),
strike the target as high energy neutral species.?® Target spe-
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cies are ejected by a momentum transfer process, with ener-
gies on the order of 1 to 10 eV.*° Most of the ejected target
species are uncharged, assume a random motion between the
electrodes, and condense on any surface in their path. In this
manner, a film is deposited on the substrate. However, high
energy neutral gas species which have been clastically scat-
tered from the target surface,’! fast electrons which have not
been slowed down by inelastic collisions,**-** and positive
ions from the negative glow with energy equaito V, — ¥, -3
also strike the substrate, adding to the complexity of the
environment in which the film grows.

It is sometimes advantageous to apply a small external
voltage, usually with a negative bias, to the anode. Increas-
ing negative values of V, increase the maximum energy
(V, — V,) with which positive ions strike the substrate. En-
hanced bombardment by rare gas ions increases the resput-
tering of material from the growth interface concurrent with
deposition and decreases the amount of loosely bound im-
purities incorporated into the film.>*?® Other effects of a
negative anode bias are discussed in Sec. VII C.

lil. PRODUCTION OF POSITIVE IONS

A positive ion produced at the target by the sputtering
process will be unable to leave the strong cathode field and
will be neutralized near or returned to the target surface. It is
important to emphasize, therefore, that positive ions of tar-
get species detected by GDMS are created in the negative
glow.

Several direct ionization processes which can occur are*®:

(1) Ionization of a ground state atom or molecule by a
collision with an electron with kinetic energy greater than
the first ionization potential of the neutral species.

(2) Ionization of a ground state atom or molecule species
by an elastic collision with a positive ion whose velocity is
such that both momentum and energy are conserved.

(3) Ionization of a ground state atom or molecule by a
collision with an excited atom with total energy equal to or
greater than the first ionization potential of the neutral spe-
cies. A special case is Penning ionization*®*' in which the
excited atom is at a metastable energy level from which a
radiative transition to the ground state is forbidden. Rare gas
atoms have long lived metastable states immediately above
the ground state (Table 1I*?) with sufficient energy to ionize
many elemental and compound target species. Penning ioni-
zaiton is an important process for the creation of positive
ions from neutral minority species in the negative glow.

(4) Associative ionization,*'**~*° the formation of an ionic
complex by a collision between an excited atom and an atom

TABLE II. Low-lying metastable energy levels of rate gas atoms.

Metastable Ionization
Species energy, eV energy, eV
1. He 19.8, 20.7 24.58
2. Ne 16.6, 16.7 21.56
3. Ar 11.5, 1.7 15.76
4 Kr 9.9,10.5 14.00
5. Xe 8.3, 94 12.13

8 G N A S T S T R T L Y T R T A O R Y t s Vi Gy 0

n

)
e

T e B

%

o

o S ]

e

et ?‘f{-ﬁ:- r"""“?’_‘“' a_® -?“

‘I.I-. "".-

TR SO AL Sl

- r €T T

{533



-

g

LT A S E

SYAL S

P Y

5% ‘{.:‘

I8 K

e

-

B
l‘

)
L}

e

Y,

LY

AN A

827 Carolyn Rubin Aita: Glow discharge mass spectrometry
or molecule in its ground state. The complex ion is stabilized
because the electron released by the reaction carries away
the heat of reaction in the form of kinetic energy.*’ Associ-
ative ionization is responsible for the formation of ions in the
glow for which there are no corresponding neutral species,
for rare gas dimer ions, and for rare gas-reactive gas ionic
complexs.z"'“z‘""“’"7

(5) Ionization of a ground state atom or molecule by ab-
sorption of a photon of energy equal to or greater than the
first ionization potential of the neutral species.

(6) Nonresonant transfer of charge between an excited
atom and a ground state molecule which may become excit-
ed to a repulsive energy level and dissociate.

Indirect ionization processes can also occur. These are
cumulative processes which involve a sequence of excitation
collisions ultimately leading to an ionizing event.

IV. DETECTION OF POSITIVE IONS BY GDMS

Glow discharge mass spectrometry was first described by
Coburn.' A typical experimental setup by which GDMS is
accomplished is shown in Fig. 1. The GDMS apparatus is
differentially pumped and maintained at a pressure of
~107% Torr. The system with which we have worked con-
sists of a sampling orifice positioned in the substrate table.
Beneath the orifice is an ion extractor lens—a three element
Einsel lens and a magnetic separator by which the ion beam
is collimated and secondary electrons are separated out.
After passing through the ion extractor lens, the ion beam
enters a quadrupole mass analyzer where particles are sepa-
rated on the basis of mass-to-charge ratio. The output signal,
detected by either a channeltron or a Faraday cup, repre-
sents the ion current from a particular combination of mass
and charge, from which the chemical type of the ion is de-
duced. Difficulty in interpretation arises because different
combinations of mass and charge can have the same mass-to-

gas
PN
cathede
target
_________ power
[plasma 1 supply
{ {
|+ + ‘
e . _ & _ __ _ . .Jl
V.
-
-l
of x
pumps e T

O pumps

F1G. 1. Sputter deposition system with an attached glow discharge mass
spectrometer.

J. Vae. Scl. Technol. A, Vol. 3, No. 3, May/Jun 1985
J‘J‘" = e , —‘If‘ 1

AL O A . e

- » - - - » - L] - - - - - - - - - - - . - L] . - -
.)- .f‘ Wy v Iy, e " 'u'.- .r » 4-' N .(\...4-\ LA .r > .f__.-_\-r,_r

-A3-~ 627
charge ratio, and hence, yield overlapping signals.

The factor that distinguishes GDMS from traditional re-
sidual gas analysis is that in the latter, an ionization process
external to the glow discharge is used to create ions from
neutral species which are sampled from the sputtering
chamber. Ions detected by GDMS are created in the nega-
tive glow in the natural course of events during the sputter-
ing process.

The least complicated spectra are generated by sputtering
an elemental target in a rare gas. More complicated spectra
are generated when:

(1) A compound target is sputtered in a rare gas. In this
case, dissociation of the target material can occur either at
the target surface under bombardment by energetic parti-
cles? or by collisional processes in the discharge,*® as evi-
denced by the dominance of atomic species in the spectra
shown in Figs. 2 and 3(a).

(2) An elemental target is sputtered in a reactive gas (Fig.
4). In this case, a chemical reaction can occur at the target
surface and/or at the substrate.*>*' The flux incident on the
substrate is determined by a balance between compound for-
mation at and removal from the target surface without disso-
ciation and compound dissociation at the target surface and
in the discharge.

{3) A compound target sputtered in a reactive gas [Fig.
3(b})]). The same balance cited in case (2) applies here.

Nt Te* ¢
[ - G -1
™ o = e F ar
10! b -~ 4 - 10’
j— C10°.Cly .
e N2CI' [ CaAr Iy
= NaA:*
™ Ciar*
102 |- - -+~ <4 107?
AsAr’
™ Gaas®
i A
$ b Te,’ .
3 ? )— GoAe
§ 40l | 4 . 3
-2 10 o Tear® o G - 10
H b a30°
3
«
b CdTe’
b= Cd,’ b— Gs0*
108 |- -+ ~ 4 105
(LA S “ o= Ga'* T
aNaCl b CdTe cGals

F1G. 2. lonic current from vanious compound targets sputtered in an rf-
excited discharge operated at 6 x 10~ ? Torr and 100 W power: (a) NaCl, (b
CdTe, (c) GaAs. Only signals from ions bearing target species are included
(Ref. 3}.
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- F1G. 3. Ionic current obtained by sputtering a ZnO target in an rf-excited GAS NITROGEN PERCENT

- discharge containing (a) Ar, and (b) 75% Ar/25% O, operated at 1 X 10~?

Torr with — 1000 V (rms) applied to the cathode. Three isotopes of Zn (64, F1G. 4. lonic current obtained by sputtering a Ta target in an rf-excited Ar

66, 68 amu) are shown. Their relative ionic current is equal to their abun-
dance in nature. Current corresponding to the formation of ZnO and ZnOH
from each isotope can also be observed, but for the sake of clarity, only the
current from Zn*O ™ and Zn®®OH* is shown in the figure (Ref. 14).

V. MEASUREMENT OF PLASMA POTENTIAL

Using the apparatus described above, the average energy
of a particular ionic species in the negative glow can be mea-
sured by applying an increasing positive retarding voltage to
one of the three ion extractor lens elements and observing the
output signal of the quadrupole mass analyzer for the species
of interest using a2 Faraday cup with the anode at ground
potential (¥, = 0). When the retarding potential is equal to
the potential at which ions arrive from the negative glow, no
positive ions pass through the lens and no current is detect-
ed.

A study of the effect of discharge geometry and anode
biasing on the plasma potential of various ionic species in rf
discharges was carried out by Coburn and Kay.? The results
show an increase in ¥, with decreasing target-to-wall area
ratio in contact with the d.scharge. A negative anode bias
does not effect ¥, . In general, single positive charged species
do not undergo symmetric charge exchange collisions in the
anode sheath. Whitten®” found that ¥, measured from the
Ar~ ion current increases slowly with decreasing discharge
pressure and increasing power.

V1. RELATIONSHIP OF ION TO NEUTRAL FLUX

When a target of element X is sputtered in a rare gas in
which there is a concentration of species [R™ ] excited to a
metastable electronic level with energy equal to or greater
than the first ionization potential of X, the ion current X*

J. Vac, Sci. Technol. A, Vol. 3, No. 3, May/Jun 1985
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discharge containing (a) 0.67% N, and (b} 3.0% N, operated at 1.5% 10~*
Torr with — 725 V {rms) applied to the cathode (Ref. 16).

was found to be directly proportional to the product [R™]
[X], where [X] is the concentration of neutral target atoms in
the negative glow.® This result indicates that the ionization
of X occurs by the Penning process.

In terms of relating ionic to neutral flux, the cross section
for Penning ionization is known not to significantly vary
from element to element.*' The relative ion current from
target molecules and their fragments from a compound tar-
get was found to be a good indicator of the relative flux of the
corresponding neutral species incident on the substrate pro-
vided that all species involved can be Penning ionized by
metastables of the particular sputtering gas used in the ex-
periment.® Complications in interpretation arise when a
sputtered target species cannot be Penning ionized because
of energy considerations. In such cases, a simple correspon-
dence between the relative ionic current and the neutral flux
of a particular species cannot be made.

Another problem arises when relative ionic currents are
used to estimate the relative yields from a molecular target;
that is, to attempt to quantify the extent of dissociation at the
target surface. This cannot be done because dissociative pro-
cesses occur in the negative glow as well as at the target
surface. The GDMS spectra will therefore appear to be more
atomic in nature than is representative of the flux of neutral
species which leave the target surface.

VII. APPLICATIONS

Three specific cases in which GDMS was used during re-
active sputter deposition are discussed briefly in this section.
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FIG. 5. Relative PtO™* /Pt™ ionic current obtained by sputtering a Pt target
in rf-excited Ar/0, discharges operated at 1x 10~ Torr with — 1000 V
{rms) applied to the cathode, shown as a function of gas O, content. Hexa-
gons represent data obtained in our laboratory, the square represents data
from Ref. 9.

A. Detection of platinum target oxidation

A small amount of O, added to an Ar discharge during the
reactive sputter deposition of Pt results in the growth of a
type of platinum oxide.’>*® A comparison of the depen-
dence of oxide growth n cathode voltage and deposition
rate in Ar/Q, nd Ne/Q, discharges suggest that Pt-O bond
formation in the film is controlled by the oxidation of Pt
metal at the target surface.’®

Initial supporting evidence came from Hecq et al.’ who
detected both PtO™ and PtO;* species by GDMS when a Pt
target was sputtered in an Ar/25% O, rf discharge. Pt* and
PtO™ ionic current intensities were monitored in our labora-
tory during the sputtering of a Pt target in Ar/O, discharges.
The PtO™ /Pt™ relative ionic intensity is shown in Fig. 5.
Since both Pt and PtO (with first ionization potentials at 9.0
and 11.2 eV, respectively) are Penning ionizable by Ar™, the
relative ionic flux shown in Fig. 5 represents the correspond-
ing flux of neutral species incident on the substrate. GDMS
has been used here (1) to verify that oxidation of the Pt target
occurs, and (2) to show that even for very small amounts of
O, in the sputtering gas, a significant number of neutral PtO
species are incident on the substrate.

B. Relationship of theZn*/Zn0O * flux to the structure
of ZnO films

Zinc oxide, a hexagonal close-packed wurtzite-type com-
pound, is an important material for piezoelectric transducer
applications. For an optimal piezoelectric response. the bas-
al planes of the ZnO crystallites must be oriented parallel to
the substrate.

GDMS studies of the sputtering of a ZnO target in Ar/O.
discharges show that considerable dissociation of the com-
pound occurs for all partial pressures of O. [see, for example,
Fig. 3(b)].'*'* Furthermore, a minimum in the Zn~/ZnO~
ionic flux [Fig. 6(a)] is strongly correlated with the number of
hasal planes aligned paraliel to the substrate {Fig. 6(b)]. The
Zn™*/ZnO ™ ionic flux was found to be dependent upon both
sputtering gas O, content'® and the discharge power.'’

It is tempting to assume the Zn*/ZnO™ flux is an accu-
rate indicator of the relative number of neutrai Zn and ZnQ

J. Vac. Scl. Technol. A, Vol. 3, No. 3, May/Jun 1985
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FIG. 6. (a) The relative Zn*/ZnO " current shown as a function of sputter-
ing gas O, content. (b) The average deviation of the normal to ZnO basal
planes from the substrate normal, obtained by x-ray diffraction rocking
measurements on films grown from a ZnO target sputtered in rf-excited
discharges operated at 1 x 10~? Torr with — 1000 V (rms) applied to the
cathode (Ref. 14).

species incident on the substrate and correlate a strong basal
orientation in the films with the number of species which
arrive already in oxide form. However, this cannot be done.
Zinc, with a first ionization potential of 9.39 eV is the only
neutral species in this system for which it is certain that Pen-
ning ionization by Ar™ can occur. The first ionization poten-
tial of ZnO is not known. Therefore, although the ZnO-O-
Ar system lends itself well to the use of GDMS as a process
control procedure (by controlling O, partial pressure, rf
power to minimize the Zn~/ZnO~ flux}. its use to obtain
information about the relative flux of neutral species in this
system is limited.

C. Enhancement of Ta~ flux and arrival energy by
anode biasing during reactive deposition of tantalum
nitride

A negative bias voltage applied to the anode dunng the
reactive deposition of Ta in atmospheres containing small
amounts of N, results in a lower film resistivity and in the
stabilization Ta.N, the transition phase hetween N-doped
bee Ta and fce TaN. "7 GDMS was used'"'” to correlate
these results with an increase in (1) the Ta - dux relative to
TaN™, and (2) the energy of the arriving Tu ~ 1ons. Ta~ flux
and energy enhancement for a given sputtenng gas N, con-
tent increases the atomic density of Ta atorns in the films
with consequent changes in crystal structure and electrical
behavior.
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VIll. SUMMARY

Presented above is an introduction to glow discharge mass
spectrometry, an in situ method for determining the mass
and energy of positive ions incident on the substrate during
sputter deposition. Our goal was to demonstrate the use of
GDMS to gain information about the relationship of dis-
charge chemistry to film growth.

The examples presented in this review illustrate the use of
GDMS during reactive sputter deposition to determine: (1)
the oxidation or nitridization of a metal target. (2} The rela-
tive neutral flux of target species incident on the substrate,
provided that the ions detected by GDMS are created from
these neutrals by the Penning process. (3) The relative ionic
flux of target species, regardless of the means by which the
ions are created. The intent here is either to gain information
about the effect of ionic flux on a particular film property, or
to use the ionic flux ratio for process control.
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X |
B ABSTRACT

: ?b An Al target was sputtered in N,, N,-Ne, and 5%N,-(Ne+Ar)
“ discharges. The resulting films were studied by x-ray diffrac-
@ tion, Rutherford backscattering spectroscopy, and resistivity
ii measurements. The results were combined with data previously
. obtained for the N2-Ar system. A three-gas composition diagram
:E’ was constructeéd onto which phase evolution in the films was

mapped.

!= In general, phase evolution proceeded as follows:
s Al->microcrystalline cermet->microcrystalline AlN->multiorienta-
~ tion AlN->single basal orientation AIN. For the same nominal
% discharge N2 content, the use of Ne in place of Ar as the rare
- gas component of the discharge surpressed the formation of the E
; Al, cermet, and microcrystalline A1N phases, and enlarged the 5‘
:3 region over which basal orientation AlN was formed. 1In situ
= optical emission spectroscopy data suggested that this result is
@ related to an increased N2+/A1° flux in the discharge when Ne
P rather than Ar gas was used. E
.f "
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I. INTRODUCTION
AlN coatings cannot be formed by a vapor-solid reaction between
an Al surface and ground state N2 molecules because Al does not chem-

[1]

isorb this species. AlN can, however, be grown by sputter depo-
sition. In a previous study,tz] we reported that when an Al target
was sputtered in Ar-N2 discharges, phase evolution proceeded from
metallic Al to a short range order or microcrystalline phase to AlN
oriented with basal planes parallel to the substrate as the nominal
N, content of the discharge was increased. Phase evolution was
related to an increase in the number of N2+ ions in the discharge.

In the present study, we investigated the use of Ne and Ne+Ar
mixtures as the rare gas component of the discharge. Ne atoms in
low lying metastable energy states (Em=16.6, 16.7eV) can Penning ion-
ize[3] ground state N2 by a radiationless transfer of excitation
to produce N2+, whereas Ar atoms in low-lying metastable energy
states (Em=ll.5, 11.7eV) cannot. Film crystallography was determined
by x-ray diffraction (XRD). Rutherford backscattering spectroscopy
(RBS) was used to obtain chemical data on selected samples. Electri-
cal resistivity of conducting films was measured at room temperature.
Phase evolution was determined as a function of the nominal discharge
composition. Combined with the results obtained for the Ar-N,
system,[2] we began to construct a ternary N2-Ne-Ar gas composition
diagram on which to map phase evolution in the films. In addition,
optical emission spectroscopy was used to monitor the relative num-
ber of neutral Al atoms and N2+ ions in the discharge volume as a

function of discharge composition and phase evolution is discussed

in terms of these species.

II. EXPERIMENTAL PROCEDURE

Films were grown in a Model 8620J MRC rf (13.56MHz) diode sput-
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ter deposition apparatus. A 13cm-diam, 99.9995% Al target was ther-
mally bonded to a water-cooled stainless steel cathode. Supersil
quartz and <lll>-cut Si substrates were placed on a water-cooled Cu
pallet. The portion of the pallet not covered by the substrates was
coated with Al followed by AIN prior to deposition to prevent back-
sputtering of Cu into the growing film. The anode-cathode spacing
was 7cm. The cathode voltage was -1700V(p-p) and the anode was at

ground potential for all depositions.

. s s -7
Prior to deposition, the chamber was evacuated to <8x10 "torr

with a liquid N,~trapped, hot Si-base 0il diffusion pump. The gases
were admitted separately into the chamber to a total pressure of
lxlO'ztorr. Depositions were carried out in discharges containing:
1) 100%N2, 2) N,-Ne containing 5-95%N2, 3) S%N2-95%(Ne+Ar) containing
(10%Ne+85%Ar)-(854Ne+10%Ar), and 4) 5%N,-95%Ar. The purity of the
gases was 99.9399% for Ar and N, and 99.996% for Ne.

Two presputters proceeded each deposition. The purpose of the
first presputter, carried out in pure Ar for lh, was to remove the
oxide layer formed on the target surface upon exposure to air.[u]
The second presputter, carried out in the gas composition of choice,
allowed time for the discharge and target reactions to reach a
state of dynamic equilibrium. A movable shutter covered the sub-
strates during the presputters. The shutter was opened and films
were deposited for lh. Specific deposition parameters are recorded
in Table I.

A Model HR320 Instruments SA optical spectrometer with a
2400 groove/mm holographic grating capable of 0.58 resolution was

used for in situ optical emission studies. Radiation emitted from

the discharge region between anode and cathode was sampled through
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an 8cm-diam glass window with a transmission cut-off at 32008. The
window was shuttered when data was not being taken to prevent inten-
sity decreases in the course of the experiment due to window coating.
The output data was in the form of light intensity as a function of
wavelength. In particular, two emission peaks were monitored:

)] transition at 39618.0%0 7Tnis

1) The Allus(®s.,.)->3p(%p

i iz %

1/2 3/2
transition corresponds to the de-excitation of a neutral Al atom

A

from its first excited state to the ground state, and is used here

to probe the relative concentration of ground state A1°. 2) The

N2+[B22u+->xzzg+] transition (first negative band system) with a

g.[s]

R

band head at 3914 The first negative band system corres-

Voo
. . . + .
poinds to de-excitation to ground state N, and is used here to

e TR

probe the relative concentration of this species in the discharge.

. . . . +
A1° is assumed to originate as a sputtered target species and N2

§ \~

created by ionizing collisions with various species, e.g. e,

Nem, in the plasma volume.

'.;._,_s J

Film crystallography was determined by double angle x-ray dif-

X

fraction using unresolved CuKa radiation. Peak position (20),

t: relative intensity (I), and full width at one half maximum intensity
* were determined. The interplanar spacing (d) was calculated using the
E-.:, Bragg relationship: nlA=2dsin®. The diffractometer was calibrated

. to the {10I1} diffraction peak of a quartz standard at 20:26.6610.020.
gf The width of the peak, which was 0.180, was assummed to represent

" broadening solely from instrument effects.

-~ Film thickness was measured using a Tencor Alpha-200 Model

?* profilometer with an instrument accuracy of #5%. CGrowth rate was

- determined from this measurement and is recorded in Table I. Sheet

:‘}3 * resistance was measured on conducting films using a four-point

~

o~
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g probe '[73 Resistivity was calculated from sheet resistance and '
: thickness using the method described in Ref. (7). Rutherford back- '
{
‘I scattering spectroscopy was used to determine the Al and N atomic _
E N concentration in selected films. An IonX Model 4175 analyzer equip-
:’-.

o ped with 2MeV He*? bombarding ions was used.

%8 III. RESULTS AND DISCUSSION

o

A. Film Characteristics:

-
-’

P

The appearance of films on quartz substrates under transmitted

visible light and the resistivity of films on Si are recorded in

¢4x3

[

. Table I. No entry indicates that resistivity was too large to

measure with a four-point probe. Crystallographic data of all films

B e oar " Bgy *

T

on quartz and N/Al atomic concentration of selected samples are

-
E‘."&'—

recorded in Table II.

L MO ML e

From the data presented here, it can be seen that films depos-

P
L 23

ited in lOO%N2 (Run 1) and N,-Ne containing S-SO%Ne (Runs 2-9) are

2

. ;3 basal orientation AIN. The{0002} planes of the hcp wurtzite A1N

J ) lattice structure in individual crystallites are oriented parallel :
Yy N to the substrate. The {0002} interplanar spacing for unstressed

N < bulk AlN is 2.493.[8] The relationship e=(c-co)/co was used to 5
.I = calculate the deviation of the lattice parameter c=2d{0002} from l
) :, that of bulk AlN, S The value of € ranges from 0 to +0.008, in- ]
% n; dicating a tensile stress in the film perpendicular to the sub- ;
' _\ strate plane. This value should not be interpreted as long range h
£ elastic strain in the AlN lattice based on a continuum model.[g] 3
o Instead, € should be taken to be the average value of short range 3
W ﬁf strain due to isolated imperfections in the film which disrupt 3
R the periodicity of the latticeEIOJ (e.g. displaced or missing atoms 2

from allowed lattice sites, incorporation of foreign impurities

) '
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such as Ne, H20, and C).
Films deposited in 5%N2-95%Ne (Run 10) are multiple orientation
AIN with {0002}, {1120}, and {1013} planes oriented parallel to
the substrate. The ratio of the intensities, as shown in Table II,
is 100:21:16, which is different than that for a polycrystalline

(8]

powder sample of AlN. The film though multioientation, shows
a preferred {0002} texture.

Films deposited in N, and N,-Ne discharges are electrical
insulators, colorless, and transparent. Spectrophotometry measure-

ments in absorption modetll]

not reported here showed that the

band gap was 5.9-6.leV when determined from a short wavelength limit

approximation and 6.leV when determined from the point at which

the fundamental absorption band intensity was equal to one-half its

maximum value.[lzj
The next step in the study involved replacing various amounts

of Ne with Ar as the rare gas component of the discharge while

holding the N, content fixed at 5%. The rationale for choosing

2
this value for N2 content is as follows. We have shown above that
a transition from multiorientation -> single basal orientation AlN
occurs when the discharge composition is changed from 5%N2-95%Ne ->

2]

10%N2-90%Ne. In a previous study, we have shown that films
deposited in 5%N2-95%Ar have an Al metal structure, which is veri-
fied here (Run 18), and a transition to non-metallic properties
begins to occur when the gas N2 content is increased above 5%.

So two transition points have been identified in terms of discharge

composition: the end points of the 5%N,-95%(NetAr) system. We

now wish to extend these two pecints into a line, or range of phases.
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Runs 11-15, deposited in 5%N2-95%(Ne+Ar) containing 10-29%Ar

Y
‘ showed no well-defined diffraction peaks. The low intensity peaks

!E present in some samples are similar to those reported[zl for depo-

$R sitions in N,-Ar discharges containing from 20 to less than SO%Nz.

* These peaks can be attributed to prism {hkiO} and dome {h0il} AlN

B lattice planes. This material has only short range order or micro-
;; crystallinity. The large change in resistivity from insulator

§E (Runs 11-13) to moderate conductor (Run 1l4) to better conductor

- (Run 15) suggests that these films are cermets with differing amounts
g\ of ceramic (AlN) and metal (Al) components on a submicron scale.

ﬂ The N/Al atomic concentration in this series of films changes from

>1 (Runs 12 and 13) to <l (Runs 14 and 15, taking into account ex-
;! perimental error. Commensurate with the change in chemistry is a
i, color change from clear (Runs 12 and 13) to dark brown (Runs 14 and

15), and an increase in reflectivity.

-
.

r,

Runs 16 and 17 deposited in S%NZ-QS%(Ne+Ar) containing 47.5 and

A

85%Ar showed diffraction from the Al 1attice[l3] and had a resis-
Ef tivity close to that of pure Al. The surface of these films, as
£ well as that of films deposited in S%N2-95%Ar (Run 18) was opaque
" ‘,'{

grey-black. This surface coating was easily removed by rubbing
revealing an underlying grey-black metallic film. The film-quartz
interface, viewed from the underside of the substrate, was highly
reflective grey-black.

The results presented above are summarized in the three-gas
composition diagram shown in Fig. 1. This drawing was constructed
by the method used to construct ternary phase diagrams. Each gas
composition is represented by a point relative to the three sides

of an equilateral triangle, the corners of which represent the
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unmixed gases. Tentative phase field boundaries, drawn here as
dashed lines, were estimated by assuming that phase evolution varies
as a linear combination of the volume of N2, Ar, and Ne in the dis-
charge. This assumption may not hold in every case. Determination
of precise phase boundaries will be the subject of future research.
B. Optical Emission Spectroscopy

In an optically thin plasma, the emission intensity Iki of a
transition from level k->level i is proportional to (hvikAkink),
where hv., is the energy of the emitted photon, A is the Ein-
stein coefficient for spontaneous emission, and ny is the populat-

(14] Here, we use relative changes in the

ion of the upper level.
intensity ratio: I[N2+(391ug)]/I[A1°(39618)] to estimate changes
in the ratio of the upper level populations and hence in the
ratio of the ground state populations of N2+ and A1° species in the
discharge. The number of each species in the discharge is assum-
med to be proportional to the number that strike the substrate.
It was suggested in Ref. (2) that the factor that limits the form-
ation of AlN at the substrate is the arrival of N2+ species. There-
fore, a large I[N2+(39148)]/I[Al°(39612)] ratio should promote
AlN growth, a small ratio favors Al growth.
ICN,"(39148)1/10A1°(39618)] is shown in Fig. 2a as a function
of gas N, content for N2-Ne and N,-Ar discharges. TFigure 2b shows
the intensity ratio as a function of Ar content in 5%N2-95%(Ne+Ar)
mixtures, that is, gas mixtures that lie along the vertical line
connecting the two data points at S%N2 in Fig. 2a.
A comparison of Fig. 2 with the data presented in Tables I and

IT along with our knowledge of the N2-Ar system shows that Al is
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is deposited (Runs 16-18) when the I[N2+]/I[Al°] ratio is <0.3.

&
ﬁ * Transparent, colorless films which are crystallographically or
: !i chemically identifiable as AIN are deposited when I[N2+]/I[Al°]
% ,' is >0.9. These films include microcrystalline (Runs 12 and 13,
:E" g and depositions in N,-Ar containing 20 to <50%N,), multiorientat-
: 1 ion (Run 10), and single basal orientation (Runs 1l-9, and deposi-
ﬁ . tions in N,-Ar containing >50%N,) structures. When I[N2+]/I[Al°]
. Eg is less than 0.9 and greater than 0.3, the series of films that
A result (Runs 11, 14, and 15) are microcrystalline, range in appear-
s ance from pale brown transparent to dark brown reflective, and in
L 'ﬁ electrical behavior from insulator to conductor.

, From the data presented in this section, it can be seen that

> the use of the IEN2+(3QIHX)]/I[Al°(39618i]ratio to predict phase
: ﬁ: changes driven by the rel&tive arrival flux of N2+ and A1° species,
', that is, transition from Al->AlN_->AlN, is possible. However,
; E: once the intensity ratio has exceeded the limit at which AIN is
" deposited, the prediction of the structure of AlN (microcrystal-
K %; line, multiorientation, or basal orientation) is not possible from
;‘ ?; gas system to system.
N

IV. SUMMARY
An Al target was sputtered in N,, N,-Ne, and S%Nz-(Ne+Ar) dis-

2 E
XA

-,0

charges. The resulting films were studied by XRD, RBS, and resistiv-

»
P

= ity measurements. The results were combined with data previously
obtained for the N,-Ar system. A three-gas composition diagram was
constructed onto which phase evolution in the films was mapped.

In general, phase evolution in sputter deposited Al-N alloys

WS R T
ey

proceeded as follows: Al->microcrystalline cermet->microcrystalline

. AlN->multiorientation AlN->single basal orientation AIN. For the
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same nominal discharge N2 content, the use of Ne in place of Ar

as the rare gas component of the discharge surpressed the formation
of the Al, cermet, and microcrystalline AlN phases, and enlarged
the region over which basal orientation AlIN was formed. Optical
emission intensity data suggests that this result is related to

an increased N2+/A1o flux in the discharge when Ne rather than Ar
gas is used.
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«o TABLE II: CRYSTALLOGRAPHIC PARAMETERS AND CHEMISTRY OF SPUTTER L‘
- DEPOSITED AL AND AL-NITRIDE FILMS, i
i R 20(cee)  FWHM(oeo) D(®)  Puane ReL I N/AL aT.conc.
1. 3%.05 0.38 2.49 AN 0002 .
§ 2. 36.06 0.37 2.49 AN 0002
T3, 36,06 0.30 2,49 AN 0002
g 4 36,03 0.30 2.49 AN 0002
» 5. 3.0l 0.34 2.49  ALN 0002 ;
| = 6. 35.8 0.29 2,51 AN 0002 y
C ¥ 7. 36.00 0.32 2,50 AN 0002 7
8 36.00 0.30 2.50  AUN 0002
B 9. 3.9 0.29 2.50  ALN 0002 :
10.  35.91 0.34 2,50 AN 0002 100 8
3 56. 40 1.20 1.85  AN1120 21 N
| 66.30 2.20 1.41 AN 1013 16 s
¥ :"-: ll. .
12, 1.240.2 ;
ﬁ 'ﬁ' NO LONG RANGE ORDER DETECTABLE BY XRD é'gzg'i g
| .. 15, 0.8#0.1 ¥
16, 38.53 0.24 2,34 Au 111 3
i 17.  38.54 0.24 2.34 A 111 100
IR 44,78 0.25 2.02 AL 200 4l
P, 18 3.8 0.26 2,34 AL 111 100 :
L i 44,72 0.28 2,03 AL 200 40 N
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b

FIGURE CAPTIONS:

]
7 3
. (]
N Fig. 1. Ternary gas composition (N2-Ne-Ar) diagram onto which 4
%’ phase evolution in sputter deposited Al and Al-nitride
o S
films is mapped. v
o
. Fig. 2 The ratio of optical emission intensities from the K7
\.' y
4
~ Voo band head of the N2+[BaX] transition at 39148%
A and the A1°[u4s»3p] transition at 3961R% as a function .
~ 3
¢ of a) discharge N, contant in the N2-Ne and N,-Ar gas x
d [
:? systems, and b) discharge Ar content in the S%Nz- ;

(Ne+Ar) gas system. A
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APPENDIX C

Al, Al-N ALLOY, AND AIN-COATED STEEL CORROSION BEHAVIOR
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5, ABSTRACT g
Al, Al-N alloy cermet, and AlN films were grown on 1008 steel sub- §
bt ,
ot strates using reactive sputter deposition. Corrosion rates of the R
% steel+coating composite in an O -free 0.2M KCl electrolyte were ;
¥ 2 3
’ measured under conditions of cathodic polarization. The results show .
*u
3: that an A1lN coating lowered the corrosion rate of steel by over an E
:‘ Ll
i order of magnitude. However, the corrosion rate was enhanced and <
51 under certain conditions exceeded that of steel when Al-N alloy cermet
iy
" and Al coatings were used. This phenomenon was explained in terms of N

a reactive porous electrode model.
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I. INTRODUCTION
a Mild steel is resistant to corrosion in dry air but rapidly
- corrodes when exposed to an aqueous environment, Alloying with more
ﬁ corrosion-resistant metals,(1) coating the surface with organic
E_ films,(Z) and adding corrosion inhibitors to the aqueous environ=-
w ment,(3) are examples of conventional methods used to increase
;E steel corrosion resistance. Recently, glass metal alloy coatingsfu)
ion implantation coatings,(S) reactive sputter deposited coat-
@ ings,(6’7) and plasma assisted chemical vapor deposited coatings(e)
g on steel have been studied. While these coatings result in better
\ steel corrosion resistance, they are often susceptable to degradation
: -:E by aggressive anionic species such as Cl- ions., In order to address
. this deficiency, we researched the potential use of sputter deposited
. i Al-nitride coatings on mild steel. 1In the present study, we investi-
; ;.:'. gated the corrosion behavior of sputter deposited Al, Al-N alloys, and
M AlN in the presence of 0 -free KC1l solutions, AlN is a III-V refract-
&. ory compound that is insgluble in H O and only sparingly soluble in
.- boiling 5M HCl.(Q) This material, iherefore, appears to be a good
{ :-':: candidate for resistance to Cl- ion degradation.
= II. EXPERIMENTAL PROCEDURE AND RESULTS
; & A. Film Preparation and Properties:
: S Films were grown by reactive sputter deposition on 16mm-diam 1008
- steel discs. The composition of the steel is 99.45%Fe, 0.08%C,
t'f 0.45%Mn, 0.007%P, and 0.017%S. The surface of the steel discs were
N polished using a Si.lm particle size diamond slurry, ultrasonically
' cleaned using a triple solvent procedure (10min in tricholorethylene,
a:: acetone, and ethyl alcohol successively), and dried in hot dry air.
N N B N N N R A PR NI AR AT mmmg
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A Model 8620J MRC rf diode apparatus was used for film growth.

The details of the deposition process for these materials, as well as

g

their characterization, are given in Ref., 10. To summmarize here, an

Al target was sputtered in S5%N -95%(Ne+Ar) discharges in which the
2
Ne/Ar ratio was varied. The deposition parameters used for specific

Z,

£,
~

W runs are recorded in Table I.

o Film crystal structure, appearance on quartz substrates under
Ry

transmitted visible light, and electrical resistivity are also

recorded in Table I. It can be seen that there is a phase evolution

O
. A

in the films from multiorientation ALN (Run A) =-> microcrystalline

Yl

AIN (Run B) => microcrystalline cermet with increasing electrical

conductivity (Runs C and D) =-> multiorientation Al (Run E) as the

3

[ SN
L

ratio of Ne/Ar in the discharge was decreased.

Microstructure of the as-deposited films was investigated using

.

scanning electron microscopy. Micrographs of the film surface in

N secondary electron emission mode are shown in Fig. 1. It can be seen
E’ that Runs A and B, which are AlN, have a fine microstructure barely

resolvable at 20kX magnification. Run C, a cermet, shows bimodal
f$ growth. It was not possible to distinguish composition differences

between large and small grains in our instrument. However, based on

o an argument that the energy barrier, hence critical radius for nuc-

= leation varies inversely with the melting point of the material,(11)

- it is likely that the cermet is two phase: the large grains being

'§ the Al component and the small grains the A1N component, Run D, which

is a cermet of lower resistivity and higher reflectivity (hence more
metallic), also shows bimodal growth but with a greater volume of

s larger grains (Al) than Run C. Run E, which is Al, has a large-
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grained microstructure. Cross-sectional examination of Run E showed
that the porous structure shown in Fig. 1e was indeed representative
of the film throughout its thickness,

B. Electrochemical Measurements:

Electrochemical measurements were made by using the
film+steel sample as the test electrode in a Model K47 EG&G Princeton
Applied Research corrosion cell. The principle behind the measurment
is as follows. An electrode in solution at its open circuit potential
V has both oxidation (anodic) and reduction (cathodic) reactions
ogcurring at its surface. When the electrode potential is moved
approximately +50mV from V by applying a voltage V, the electrode
surface reaction becomes p:edominately cathodic or anodic, depending
upon the polarity of V., In this study, we applied a negative voltage,
which suppressed the anodic reaction at the test electrode. Thus, the
only possible electrode reaction was the reduction of an electrochem-
ically active species from solution, e.g. H+. The current density, I,
resulting from the applied voltage was directly proportional to the
active species' reduction rate.

The relationship between current and overpotential, V-V , for an
electrode in an efficiently stirred solution (one in which mgss
transport to the electrode is not a determining factor of I) is

(12)
expressed by the Butler-Volmer form of the Tafel equation,

I=1 {exp [-anF(V-v )/RT]} (1)
(o] o]

where I 1is the exchange current density whose physical significance
o
is discussed below, n is the number of electrons/species engaging in

LI % L ] W Wy W W PP T N T P T P N D T P e S T L IR T S T a® -
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‘ (13) W,
the electrochemical reaction, & is the transfer coefficient, F is :.:.(

‘. Faraday's constant, R is the ideal gas constant, and T is the ambient ®
Mo
' temperature. §-_-t'
i s,
- The exchange current density is obtained graphically by extrapol- o "'
{_. ating the linear portion of a cathodic polarization curve of I versus roe%
“J-’ .J .
V to V , as shown schematically in Fig. 2. 0O was purged from the g

™. »
T o 2 Rt
52‘3 test electrolyte in our study. Therefore, the only possible cathodic ::ﬁ.'»
+ Sy
E reaction at the test electrode at V was the reduction of H ions., If e
o )
we consider the coating to be electrochemically inert, the overall u‘"v‘:f
Ur A

W
. I .
B corrosion reaction of interest here is, "'!:!
» rA‘
.’:; o) + +2 o .{-'?:
f Fe + 2H => Fe + H (2) F
2 ::-\. }
A ¢
,"‘ \J

and the cathodic half-cell reaction is, A,
ey
89
+ - 0 A
2H + 2 ->H . (3) It
RN
The exchange current density is a measure of the exchange rate for the '{_-;-.-:
e
reaction described by Eq. (2), hence a measure of the steady-state ;-.'j:"

| L
8
E corrosion rate for the electrode. I 1is used here as the parameter o -‘
0 o
) by which to characterize Al, Al-N alloy, and AlN-coated steel N,
~ e
E;' corrosion rates. Aoy
E&r A 0.2M KCl1 electrolyte solution was prepared from 18Ma-cm A
.-'-,:'

' deionized H O and analytical reagent grade KCl. The electrolyte was v‘f.:{'.:-
2 Vet
E N -sparged for 12 to 16h prior to test electrode immersion and spar- '_"}::"
P e
ging was continued throughout the test to insure that O was not N

» 2 NN
E_'. present, Test electrodes were equilibrated in solution for 24h prior f\‘:"\_
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ﬁ to cathodic polarization.

‘: Cathodic polarization curves were generated by applying an

¥ increasingly negative voltage up to -250mV greater than V . A scan

i% rate of 0.1mV/s was used. The values for V were determined to be
o

-715mV for Run A, -723mV for Run B, 750+31mV for Run C, -675mV for Run

< D, and -666mV for Run E. V for Fe is equal to -660mV and -1882mV
;4 for pure Al.(1u) A saturat:d calomel electrode with a Luggin probe
= salt bridge was used as a reference for V., Test solutions were vig-
g orously stirred with a Teflon-coated magnetic bar during the

polarization experiments. After testing, the electrode was removed

from solution and dried with hot N gas.

. 2

3 - The values of I calculated from the cathodic polerization curves
2 Ty o

CIER are shown in Fig. 3 as a function of discharge Ar content.

E‘ III. DISCUSSION

k<o

2

r_w
XA

After 24h in 0.2M KCl solution, it can be seen from Fig. 3 that

a4y
[] ’ 1

-3 there is a wide difference in corrosion behavior represented by the
five coatings investigated here. I was lowest for AlN-coated steel
(Runs A and B), increased by more tﬁan an order of magnitude for

" cermet-coated steel (Runs C and D), and by over two orders of

magnitude for Al-coated steel. An uncoated steel electrode yielded

:{ I values between 4,1 and 5.5PA/cm2, and a commercial grade 1100 Al
~ eiectrode (1.0%Si+Fe, 0.05-0.2%Cu, 0.05%Mn, 0.10%Zn) yielded

= I =3PA/cm2.

?f ° From the data presented in Fig. 3 and the values for Al and bare

steel, we conclude that AIN (Runs A and B) is electrochemically inert

[N
LA

on steel and Eq. (2) can be applied to describe the corrosion react-

-

s, WM N b AP AN R LMW S DS ol
'l

ion. The film is also non-porous with respect to providing internal

a4
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surfaces for reaction. There are two processes which lead to H 1ion

reduction through combination with an e under these conditions:
- +2

1) e transfer (possibly accompanied by Fe migration) from the
substrate~film interface through the film to the film-electrolyte

interface where the reduction reaction given by Eq. (3) occurs.

+
2) H diffusion from the electrolyte-film interface through the

film to the film-substrate interface where the reduction reaction

oceurs.

At the other extreme, Al, when deposited on steel, enhances steel

corrosion, as evidenced by the fact that I for Run E is larger than
o
I for uncoated steel. The value of I for bulk Al is lower than that
o o
for steel, Therefore, the enhancement of the corrosion rate observed

for Run E is not due to the corrosion of Al alone, but to an interact-
(15)
ion between Al and Fe, and to the porosity of the electrode. Al

and Fe have different values of V . Therefore, a galvanic reaction
o
between these two metals is possible. As a consequence, the following

reactions can occur at the reactive, porous electrode:

o
1) Al (solid) participates in a reduction reaction with the

(16)
electrolyte within the film pores,

o} + +3 0
2A1 + 6H => 281 + 3H . )

o) +2
2) Al (solid) and Fe (in solution) form a galvanic cell within

the film pores at the Al-Fe interface. The cell reaction is,

o +2 +3 o]
2A1 + 3Fe ~> 2Al1 + 3Fe ., (5)
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Q. o
. The product Fe 1is deposited on the substrate in the vicinity of the
“0 of the Al-Fe interface. Away from the Al-Fe interface, Fe corrodes
¥ according to Eq. (2).
‘
s
! 3) Fe in a +2 oxidation state reacts with water in the
L electrolyte,
%
" +2 o] o +
) Fe + 2H 0 => Fe(OH) + 2H . (6)
e 2 2
g +
2 This reaction is especially damaging because the production of H
lowers the electrolyte pH in the pore, thereby increasing the local
N, (o)
' corrosion rate of Fe .
g +3
- 4) A reaction similar to Eq. (6) occurs for Al in the electro-
e,
lyte,
vt
'
+3 o o] +
_ 2A1 + 3H O -> 2A1(OH) + 6H . (7
. 2 3 2
:; This reaction, as in the case of Eq. (6), increases the
LW + o o
production of H thereby further increasing Fe and Al corrosion
-
< rates.
:5 Reactions in the vicinity of a pore in a reactive electrode are
Y
v schematically shown in Fig. U,
~
& IV. SUMMARY
X .
< Al, Al-N alloy cermet, and AlN films were grown on 1008 steel
- substrates using reactive sputter deposition. Corrosion rates of the
o A
-4 steel+coating composite in an 0O -free 0.2M KCl electrolyte were
5 -
N measured under conditions of cathodic polarization. The results show
o

.
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5 that an A1N coating lowered the corrosion rate of steel by over an

~ order of magnitude., However, the corrosion rate was enhanced and

! under certain conditions exceeded that of steel when Al-N alloy cermet
| and Al coatings were used. This phenomenon was explained in terms of

Es a reactive porous electrode model,

by
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"Pore" is used here to mean any internal surface.
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FIGURE CAPTIONS

FIG. 1:

Scanning electron micrographs of the surface of as-
deposited films on steel substrates: a) Multiorientation
AlN, clear transparent insulator; b) Microcrystalline AlN,
clear transparent insulator; c¢) Micorcrystalline Al+AlN
cermet, dark-brown transparent conductor 99=218.§pm-cm);
d) Microcrystalline Al+AlN cermet, dark-brown transparent

conductor Qf:su.sym-cm); e) Multiorientation Al Sp=6.ﬁpm-cm).

FIG. 2: A cathodic polarization curve showing V , the open circuit
o

FIG.

FIG.

3:

g,

potential and I , the exchange current density.
o]
The exchange current density as a function of the Ar content

of the sputtering discharge.
Electrochemical reactions in the vicinity of a pore of

reactive electrode near the film-substrate interface.
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APPENDIX D

|

CHARACTERIZATION OF SPUTTER DEPOSITED Al-NITRIDE AND

y 030

Al-OXIDE BY X-RAY PHOTOELECTRON LOSS SPECTROSCOPY
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CHARACTERIZATION OF SPUTTER DEPOSITED A1-NITRIDE AND A1-OXIDE 8Y
X-RAY PHOTOELECTRON LOSS SPECTROSCOPY

CHARLENE J. G. KUBIAK,™ CAROLYN RUBIN AITA,* NGOC C. TRAN,** AND
TERY L. BARR*
* Materials Department and the Laboratory for Surface Studies
University of Wisconsin-Milwaukee, P. 0. Box 784, Milwaukee, WI 53201
**Materials Science Center
University of Wisconsin-Madison, Madison, WI 53706

ABSTRACT

The results of an x-ray photoelectron loss spectroscopy (XPLS) study
of several wide band gap aluminum compounds are presented here. XPLS is a
new application of x-ray photoelectron spectroscopy invoiving the deter-
mination of the energy separation, AE, between a particular core photo-
electron peak and its principal loss peak. The materials investigated
here are sputter deposited thin film Al-nitride and oxide, and bulk single
crystal o-alumina. It is not possible to distinguish between these
materials on the basis of the chemical shift in the binding energy of the
A12p and A12s photoelectrons {Siegbahn shift). The results show that XPLS
can be used to distinguish between these materials. AE in Al-oxides and
nitride differs by several eV and is independent of sample charging. Com-
parison with AE calculated using a free electron gas model is made and
related to the plasmon nature of AE.

INTRODUCTION

Thin films of Al-nitride can be grown near room temperature by reac-
tive sputter deposition. However, oxygen-bearing contaminants in the
sputtering discharge seriously affect film crystallinity and optical
behavior [1]. Sometimes an oxide [1]) or oxynitride (2] second phase is
formed. It is difficult to distinguish between Al-nitride and Al-oxide
using traditional x~ray photoelectron spectroscopy on the basis of the
chemical shift in the Al core electron binding energy because:

1. The Al2p and A12s electron binding energy for several Al-oxide
polymorphs overlap that for Al-nitride.

2. The apparent shift in binding energy due to sample charging is
usually greater than the Siegbahn chemical shift. In an attempt to cor-
rect for charging, referencing to the Clis XPS peak of adventitious carbon
is frequently used. However, this technigue is not always reliable. Fur-
thermore, adventitious carbon may be removed upon depth profiling the sam-
ple by sputter etching.

In theory, it is possible to distinguish between Al-nitride and Al-
oxide on the basis of the existence of an Nls spectrum and the absence of
an 01s spectrum different from that for O physisorbed on AIN. However,
all three elements are present in many technologically interesting systems
and measurement of the 01s binding energy encounters the same problems
mentioned above with respect to the Al12p and A12s photoelectron spectra.

The loss peak is generated by the inelastic interaction of the eject-
ed core photoelectron or its corresponding hole with the sea of valence
band electrons [3-5]. For the case of harmonic oscillations of the val-
ence band electrons in a simple metal (plasmons) in which there is no
electron localization in the valence band or core electron polarization,
4E ts given by the free electron gas expression [6]:

AE = h [A'ezn/m]’/z ()
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where e is the charge on an electron, n is the density of valence band
electrons, and m is the mass of an electron.

Even for wide band gap materials, loss peaks represent collective
transitions if there is sufficient valence band electron delocalization
[7.8]. However, part of the valence band electron density may behave in a
non-collective manner. These localized states may perturb Af above or
below the free electron gas value, and cause dispersion in the values of
AE associated with photoelectrons originating from different energy
states [4,5].

XPLS is easy to instrument. The technique can be carried out on a
conventional ESCA system. However, a critical difference between XPLS and
other more difficult-to-instrument electron energy loss spectroscopies,
EELS for example, is that in XPLS, the measurement is made in the relaxed
hole ion system, the final state. Theoretical arguments show that for
many matertals systems, the value of AE is independent of relaxation
effects [3-5). If this is the case, then XPLS yields information about
the initial chemical state of the material.

With respect to A1-N and A1-0 compounds, the purpose of the present
study is to answer three questions:

1. Can these materials be distinguished on the basis of different
values of AE?

2. s At independent of sample charging?

3. Do loss features represent collective transitions of the valence
band electrons? To determine this, the values of 8E obtained by XPLS
will be compared with theoretical calculations using a free electron gas
model.

EXPERIMENTAL PROCEDURE

A Perkin-Elmer Physical Electronics Model 548 AES/ESCA system was
used to take high resolution spectra of the A12p and Al12s principal XPS
peaks using an analyzer energy of 50 eV, and their companion loss peaks
using an analyzer energy of 100 eV. Mg ka x-ray radiation was used. A
gold standard was used to calibrate the position of the Audfy,; peak at
83.8 eV, measured to an accuracy of +0.2 ev. Depth profiling of the
samples for times up to 300 sec using a 100 ev, 10 ma, Ar* ion beam was
carried out. The sputtering rate for the materials examined here was es-
timated to be between 0.3 and 0.5 A/sec. Depth profiling 1s used to ob-
tain chemica’ information from layers below the fiim surface. The reader
is reminded, however, that sputter etching may damage the film surface,
and produce artifacts not representa*ive of film chemistry [9]).

The rollowing materials were examined:

1. Bulk single crystal (0001)-cut a-alumina.
from three samples.

2. Thin film alumina grown by sputter deposition on water-cooled
S3-(111) substrates using an Al target and an rf-excited oxygen discharge
operated at 600 W rf forward power. Data were collected from three sam—
ples. The films showed no x-ray diffraction peaks, indicating that there
was no long range crystallographic order. These films are referred to
here as "amorphous® or “a-alumina®.

3. Thin film Al-nitride grown by reactive sputter deposition on
water cooled 3i-(111) substrates using an Al target and an rf-excited ni-
trogen discharge operated at rf forward power levels from 300 to 800 W.
The films were found to be Al-rich [1]. Partial oxidation of the excess
Al occurred upon exposure to air. The single x-ray diffraction peak from
the films was attributable to the (0001) planes of the wurtzite-type AIN
lattice. No N-0 bonding [2) was detected by XPS.

The chemical composition of the Al-nitride fiims, obtained from the
relative intensity of the A12p, N1s, and 01s XPS peaks multiplied by the

Data were collected
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TABLE I: Change in Chemistry of Al-Nitride Films with
Deposition Discharge Power, Depth Profiling,
and Room Temperature Aging
Power Al:N:0 Atomic Ratio
(W) 0 sec etch 5 sec etch 120 sec etch
300 *10:6:4 10:5:5 10:6:~
+10:4:13 10:4:11 10:5:5
500 +10:6:10 10:6:7 10:7:7
700 +10:7:9 10:6:9 10:8:8
800 *10:8:2 - -
+10:7:9 10:9:6 -
Data taken (*) 5 days and {(+) 350 days after deposition.
| AE ]
I 1
AL 2p
> )
— AL 2p LOSS
]
c
)]
Y’
jE
3.3x
——— L -
70 a0 %0 100

Fig. 1:

in Al-nitride.

photoelectron peak and i1%s largest companion bulk loss peak.

B.E. [eV]

A typical XPLS spectrum, associate& with the A12p photoelectron
8E is the separation between the principal Al2p
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appropriate sensitivity factor [10] is recorded in Table I. To observe
the effects of room temperature aging [1], data was taken from films 5 and
350 days after deposition. It should be noted that although the 0 content
in the films increases in time, the N/Al ratio does not change signifi-
cantly. This result indicates that 0 is not replacing N in the films dur-

ing the aging process.

A
y

>

®

o

RESULTS

A typical loss spectrum, in this case associated with the Al12p photo-
electron in Al-nitride, is shown in Fig. 1. To compare the value of At *
generated by photoelectrons from different energy states in the same
material, AE(A12p) and AE(A12s) are shown as a function of the sputter
etch time for individual Al-nitride films in Fig. 2, and for a-alumina
and a-alumina in Fig. 3.

It can be seen from Fig. 2 that within experimental error (0.4
ev), the value of Af is independent of whether the loss spectrum was
induced by an A12p or A12s electron. In contrast, there is pronounced
dispersion in aE associated with A12p and A12s photoelectrons in a-
alumina, as can be seen from Fig. 3a. In the case of a-aiumina (Fig. 3b),
the data presented here is inconclusive with respect to AE(Al2p)-

AE(A12s) dispersion. Although the values for AE(A12p) consistently

=5

i

L~

‘}: 1ie above those for AE(A12s), they are still within experimental error
',i. of each other.
To compare the behavior of AE associated with photoelectrons from

the same energy state in Al-nitride and oxide, aE(A12p) and AE(A12s)

are shown in Figs. 4a and 4b versus sputter etching time for all samples.
' It can be seen that nitrides and oxides are clearly distinguishable (by
Ay several eV) on the basis of both AE(A12p) and 4E(A12s). However, Al-

nitride films having different amounts of incorporated 0 cannot be differ-
entiated on the basis of aE.

In a-alumina, there is no systematic change greater than experimen-

tal uncertainty in either AE{A12p) or AE(A12s) with sputter etching.
, However, in a-alumina and Al-nitride, there is a small decrease in AE
with sputter etching. The reason for this decrease is, at present, not
clear. One possible explanation is based on the relative stability of

3~‘ octahedral (more stable) and tetrahedral (less stable) bonds in binary
JL, systems which contain a common metal cation. In a-alumina, Al is in
o 6-fold coordination with 0, with A1 occupying 2/3 of the octahedral inter-

stices in the close-packed hexagonal O sublattice {11]. In Al-nitride, Al
is in 4-fold coordination with N, with Al occupying 1/2 of the tetrahedral

b: interstices in the close-packed hexagonal N sublattice [12]. The average
n, coordination number of Al with 0 in a-aiumina lies between 4 and 6
- [13-15]. A chemical etching study [16], however, showed that in order to

relieve surface strain (to decrease the number of dangling bonds), a
larger number of Al atoms are in 6-fold coordination at the surface of the

}} material than in the interior. It is possible that this change in Al
I% coordination number in a-alumina causes the abrupt decrease in At from a
- value identical with a-alumina at the fiim surface to a lower value

after a 5 sec sputter etch.
Figure 5 shows AE(A12p) versus the A12p principal XPS peak energy

in a)) samples in which charge referencing to the Cls peak at 284.6 eV was

l possible. It can be seen that although the A12p principal peak energy
overlaps for the Al-nitride and oxides studied here, 8E(A12p) for each
set of compounds is clearly distinguishable.

« To demonstrate that af is independent of sample charging, Fig. 6
shows 8E(A12p) versus the A12p principal peak energy before correction
for charging was made. It can also be seen from Fig. 6 that the shift in
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Fig. 2: AE as a function of sputter etching time for sputter deposited
Al-nitride films. Squares represent AE(A12s), circles repre-
sent AE(A12p).
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Fig. 3: AE as a function of sputter etching time for (a) single crystal

a-alumina, (b) sputter deposited a-alumina. Circles represent
AE(A12s), hexagons represent AE(A12p).
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the A12p principal peak energy caused by sample charging is on the order
of several eV.

DISCUSSION AND CONCLUSIONS

from the data presented above, it can be concluded that the separa-
tion of the first loss peak from its principal XPS peak for A12p and AlZs
photoelectrons Jiffers in Al-oxides and nitrides by several ev (Figs. 2 to
4). These materials cannot be distinguished on the basis of the measured
principal XPS peak energy (Fig. 5). Furthermore, AE is independent of
sample charging (Fig. 6). For these reasons, KPLS is a technologically
useful characterization technigue.

The question which remains to be addressed concerns the physical
basis of the loss spectra in these wide band gap materials. In metallic
Al, loss features can be attributed to plasma oscillations of the valence
electrons. The value of AE(A12p) obtained by XPLS on metallic Al is
15.8 eV [5] in agreement with the valuye calculated using Eq. (1) for a
free electron gas (FEG) {17].

Table II summarizes the range of XPLS results obtained here, as well
as the calculated value of AE using the FEG model. In the case of Al-
nitride, it can be seen from Table Il that the FEG calculation [1B] yields
a value within experimental error of the values for AE obtained by
XPLS. In addition, there is no dispersion in the values of aE(A12p) and
AE(A12s). It §s therefore suggested that the loss features in the XPLS
spectrum of Al-nitride are plasmon in origin and &t is consistent with
the value calculated using a FEG model.

With respect to the aluminas, the situation is more complex. In
a-alumina there is a large dispersion in AE(A12p) and AE(AV2s).

Loss features in this material are therefore not entirely plasmon in
nature. The values of AE(A12p) do not agree with FEG calculations ucing
either 18 or 24 valence electrons/A1;03 molecule [14,15]. Agreement
between AE(A12s) and FEG calculations using 18 valence electrons/Al,03
molecule may be coincidental.

TABLE II: Comparison of AE Obtained by XPLS with Free Electron
Gas Calculations

Material aE,XPLS (eV)* aE, FEG (eY)

a-alumina Al12p: 25.2-27.0 24.0,% 27.9™
Al12s: 23.0-24.5

a-alumina Al12p: 23.6-25.5 20.2,* 23.4™
A12s: 22.5-24.0

Al-nitride A12p: 20.2-21.8 20.0
Al2s: 19.8-21.8

: Range of al) data; +0.4 eV experimental error.
Assuming 18 valence electrons/Al1,04 molecule, 02s e~ not countec
[14,15].

"Assuming 24 valence electrons/Al03 molecule, 02s e~ counted
(14,15].
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In a-alumina, aE(A12p)-aE(A12s) dispersion has not been firmly
established from the results of this study. Free electron gas calcula-
tions using 24 valence electrons/Alz03 molecule yield a value within
experimental error of the lower end of the sE(A12p) range and within the
AE{A12s) range of values obtained by XPLS. As in the case of a-
alumina, however, this agreement may be coincidental. wWe cannot therefore
conclude that a FEG model accurately describes the loss features in alumi-
nas. However, it is suggested that Eq. (1) be taken as the first term in
a series in which successive terms account for perturbations due to non-
collective behavior of part of the valence band electron population {5].
Future work will consider modification of the free electron gas model in

this manner for the alumfnas.
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OPTICAL BEHAVIOR OF SPUTTER DEPOSITED VANADIUM PENTOXIDE
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Optical behavior of sputter-deposited vanadium pentoxide

Carolyn Rubin Ai  7ing-Li Liu, Mei Lee Kao, and Steven D. Hansen®
Materials Department and the Laboratory for Surface Studies, University of Wisconsin-Milwaukee,
P. O. Box 784, Milwaukee, Wisconsin 53201

(Received 27 January 1986; accepted for publication 27 March 1986)

A series of V-O alloy films were sputter deposited on glass substrates using a vanadium target and
rf-excited Ar/0, discharges containing 2%-8% O,. On the basis of x-ray results, the films were
nominally identified as vanadium pentoxide. Optical transmission and reflection characteristics

Z3 AE 3 'S

.

iRty

_——

were measured by double-beam spectrophotometry in the 390- to 700-nm-wavelength region.
From these measurements, the absorption coefficient a was determined as a function of the
incident photon energy Av. The absorption edge of all films showed two distinct regions of
behavior: a high photon energy region in which a varied linearly with (4v)? and a low-energy tail.
The behavior of a is discussed in terms of the structural and electronic changes in the films due to
nonstoichiometry and compared to results obtained for single crystal V,O.

cal and electrical behavior are coupled, vanadium pentoxide
may have potential use in optical switches and write-erase
media as well.

- Vanadium pentoxide is especially interesting in thin-
film form because of the possibility of integration into micro-
electronics circuitry. Thin films have been produced by ther-
mal evaporation® and sputter deposition using a V,0s
target.” In our laboratory, films which are nominally vanadi-
um pentoxide were grown by reactive sputter deposition us-
ing a V target and Ar/O, discharges.® Based on growth rate
results and in situ discharge diagnostics using optical emis-
sion spectroscopy, we concluded that an oxide layer was
formed at the target surface once the O, content of the sput-
tering gas reached a critical value. This phenomenon has
been observed during sputter deposition of other oxide sys-
tems as well.®

In the present study, we examine the room-temperature
optical behavior of V-Q alloy films deposited in Ar/O, mix-

absorption coefficient was calculated as a function of inci-
dent photon energy.

The purpose of this study is twofold. First, if sputter-
deposited films are to be used for optical switching devices,
the optical behavior of the material in its preswitched, or

*' Permanent address: The General Electric Company, P. O. Box 414, Mil-
waukee, Wisconsin 53201.
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" 1. INTRODUCTION initial state must be well characterized. Second, optical ab-

}.7: A recent study ' shows that vanadium pentoxide under- sorption edge characteristics yield information about the

’. goes a semiconductor-to-metal phase transition>”® at fundamental nature of the films (chemistry, atomic order)
257 + 5 °C. A large change in electrical behavior accompa- which can then be related to processing parameters and dis-

}.:." nies the phase change and thermally activated electrical charge characteristics. In the present study, supplementary

| switches have been fabricated from this material. Since opti- x-ray diffraction was carried out, which, when coupled with

absorption edge characteristics, gives insight into film struc-
ture.

The evolution of structure in films grown by reactive
sputter deposition is governed by kinetics. For this reason,
high melting point compounds can be grown on near-room-
temperature substrates. Metastable alloys can be synthe-
sized with a wide range of properties and unusual behavior
not attainable in bulk material. It is essential to understand
the steps which lead to the production of a particular alloy or
compound if the process is to be reproducible and transfer-
able from apparatus to apparatus.

Il. EXPERIMENTAL PROCEDURE
A. Film deposition
A hot-oil diffusion pumped rf-diode apparatus was used

for film preparation. The substrates were laboratory glass
slides placed in thermal contact with the water-cooled Cu

the relationship of deposition parameters to discharge char-
acteristics are given in Ref. 8.

B. Optical behavior

A Perkin-Elmer Model 330 UV-Visible-IR double beam
spectrophotometer with a specular reflection attachment
was used to measure the transmission and reflection of near-
normal incidence radiation in the 390-700-nm-wavelength

rl
s 749 J. Appl. Phys. 80 (2), 15 July 1986 0021-8979/86/140749-05802.40 © 1986 American Institute of Physics 749
e P o 0 Pt P S e S L N L S S Y .;-.;ﬁ.;a;-:'w.;-r:'f\'ﬁﬁ-ﬂ{r{m WY

x tures containing up to the critical O, value necessary for the ~ anode. A7.5cm, 99.7% V target was bonded (MRC Perma-
v formation of an oxide layer at the target. The term “alloy”  bond) to the water-cooled stainless-steel cathode and sput-
. used here means “a mixture of V and O intimately united”.  tered in Ar/O, discharges containing from 2% to 8% O,.
o Double-beam spectrophotometry was used to measure the ~ This range was chosen because 2% O,/Ar is the smallest 0
N transmission and reflection characteristics in the 390 nm  ratio that could be reproducibly attained and 8% O,/Ar is o
v (3.18 eV) to 700 nm (1.77 eV) wavelength region. This the ratio at which the surface of the target becomes fully )
spectral region was chosen because it encompasses the fun- oxidized (with all other experimental parameters used here
.j:, damental optical absorption edge of bulk V,0,.'®"> From held constant). The deposition parameters used to obtain
~, measurements of reflectance and transmittance, the optical  ¢ach sample are summarized in Table I. Further details of
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TABLE I. Parameters used to deposit vanadium pentoxide films.

Target voltage®  Growth rate®

Sample Gas % O, (kVp-p) (A/min)
A 2 2.20 30
B 4 2.20 24
c 6 2.20 18
D 8 2.20 20

The following deposition parameters were held fixed; 300 W rf forward
power, 0.01 Torr total gas pressure, 4 cm anode-cathode spacing. For pre-
sputter conditions see Ref. 8.

* 4+0.05kV.

*+1%.

range. All measurements were made in laboratory air at
room temperature.

In transmission mode, the film + substrate composite
was placed in the path of the sample beam and a bare sub-
strate was placed in the path of the reference beam. In this
manner, absorption by the substrate, although small (10%)
throughout the wavelength region under consideration, was
subtracted from the data. The output data were in the form
of log,o(f,/I) versus the wavelength of the incident radi-
ation. I, is the intensity of incident radiation and 7 is the
intensity of radiation which exits the film.

In reflection mode, no sample was placed in the path of
the reference beam. Instead, the instrument was calibrated
over the wavelength range under consideration using a pro-
tected Al mirror standard.

Reflectance (R), transmittance (T), and absorbance
(A) are related to each other in the following manner:

A+T+R=1 (n

Absorbance is defined in terms of the absorption coefficient
a.'* For a sample of thickness x,

ax = ln(Iy 1), 2)
and
T=[(1=R)%exp(—ax)]/[1 —R?exp( —2ax)]. (3)

Equation (3) is used here to calculate a in the vicinity of the
fundamental  optical  absorption  edge, when
R ?exp( — 2ax)«1. Based on experimental data for the
worst case, the term R 2 exp( — 2ax) is less than 3% of uni-

ty.

C. Crystallography and thickness measurements

The bulk semiconducting phase of vanadium pentoxide
is a layered structure. The orthorhombic bimolecular unit
cell has dimensions a=11.519 A, b=4.373 A, and
¢ = 3.564 A.'* The multicell structure consists of trigonal
bipyramids joined at shared edges to form zig-zag chains
along the ¢ axis. The chains are cross-linked with O, groups
to form layers in the (010) plane. Translation along the b
axis shows the structure to consist of alternating layers of
V 4 O atoms and O alone. These layers can be seen in the
projection of the (001) plane shown in Fig. 1. The distance
between equivalent layers is equal to the (010) interplanar
spacing. Detailed representations of the V,0; lattice are giv-
en in Refs. 16-18.
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FIG. 1. A projection of the (001) plane of the orthorhombic V,O; lattice.
White circles indicate O atoms, black circles indicate V atoms (after Ref.
18).

Bragg-Brentano (double angle) x-ray diffraction was
used to determine lattice planes oriented parallel to the sub-
strate. Diffraction patterns were obtained using 1.5428-A
wavelength unresolved CuKa radiation. The sample was ro-
tated through an angle & while simultaneously rotating the
detector through an angle 26. The diffractometer was cali-
brated using an NBS Si powder standard. Precise peak posi-
tion was measured to an accuracy of + 0.02°. The full width
at one-half the maximum intensity was found to be 0.18" for
the Si (111) peak at 26 = 28.47". This value represents peak
broadening caused solely by instrument effects.

Film thickness was determined using a profilometer to
measure the height of a step produced by masking a region of
the substrate during deposition. The instrument-related un-
certainty in each measurement is + 20 A. The thickness of
each sample is recorded in Table II.

M. RESULTS

Optical behavior: In terms of visual appearance, all
films are transparent. Samples A and B are green. Samples C
and D are honey yellow, the color of bulk single crystal V,0,
(Ref. 12).

The absorption coefficient calculated using Eq. (3) is
shown as a function of the incident photon energy in Fig. 2.
Sample D has a featureless absorption edge. In the high-
energy region of the edge (&> 3X 10°cm ™1, hv> 2.48 V),
a varies linearly with (4v)?, as shown in Fig. 3. In the low-
energy region of the edge, a has an exponential dependence
on hv.

In the high-energy region of the absorption edge, a for
samples B and C coincides with that for sample D. However,
both samples B and C have low-energy tails in which a does
not vary exponentially with #v. The absorption edge of sam-
ple A also has two distinct regions of behavior. For photon
energy > ~2.5 eV, a varies linearly with (Av),” but in-
creases less rapidly than in the other samples. The low-ener-

TABLE II. Thickness and crystallographic data for vanadium pentoxide
films.

Gas %  Thickness b FWHM?

Sample 0, (10° A) (A) (deg) Ab x10™°

A 2 54 4.362 0.35 -25
B 4 43 4.362 0.30 -25
C 6 32 4.366 0.29 -1.6
D 8 36 4.373 0.30 0

* 40,005 A uncertainty in each measurement; b, = 4.373 A,

® + 0.04° uncertainty in each measurement.
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FIG. 2. The absorption coefficient a as a function of the incident photon
energy hv for sputter-deposited vanadium pentoxide. The sputtering gas O,
content used to grow each film is as follows: sample A, 2%; sample B, 4%:;
sample C, 6%; sample D, 8%.

gy region of the edge in sample A is a plateau of nearly con-
stant a.

Crystallography: All films show two x-ray diffraction
peaks. These peaks are attributable to (010) and (020) or-
thorhombic V,0; lattice planes. The film structure is such
that the b axis in all crystallites is oriented perpendicular to
the substrate. (010)-type planes, which consist of alternat-
ing layers of V + QO and O atoms, lie parallel to the substrate.
The average (010) interplanar spacing increases with in-
creasing sputtering gas O, content, as recorded in Table II.

The difference in (010) interplanar spacing between
these samples and bulk unstressed V,0; is given by the rela-
tionship:

Q)" 1102em™ )

[

hy (ev!

FIG. 3. The square root of the absorption coefficient as a function of the
incident photon energy for sputter-deposited vanadium pentoxide. The sol-
id line is a best fit of the data for sample D to Eq. (5). The dashed line is a
best fit of the data for sample A to Eq. (5).
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where b, is the (010) interplanar spacing for bulk V,0,. Ab
changes from -2.5x 1072 to zero as the sputtering gas O,
content is increased from 2% to 8%. The expression
“strain” is not used here to describe Ab because the mea-
sured (010) interplanar spacing may be that which results in
an unstrained lattice for a particular nonstoichiometry.

The diffraction peak width at one-half the maximum
intensity (FWHM) is recorded in Table II. Within experi-
mental uncertainty, the FWHM is the same for all samples
and greater than expected from instrumental effects alone.
In general, materials parameters which contribute to peak
broadening are small crystallite size, stacking faults, and
nonuniform strain (distribution of lattice spacings about the
average value). Two orders of two diffraction peaks are re-
quired to realistically estimate the individual contribution of
each factor.'®

IV. DISCUSSION

From the data presented above, it can be seen that the
optical absorption edge of all samples shows two distinct
regions of behavior: a high photon energy region in which a
varies linearly with (Av)? and a low-energy tail. In samples
B, C, and D, the transition between these regions occurs
abruptly at 2.48 eV, indicating that there is a change in the
type of optical transition at this photon energy. The high
photon energy region is associated with valence-to-conduc-
tion-band transitions and the low-energy tail is associated
with transitions involving impurity states within the energy
band gap. Investigators'? working with single-crystal V,0;
report a change in the slope of @ vs hv at ~2.45 eV (Fig. 4),
in reasonable agreement with the resuits obtained here.

10 _

100 FilmD—7///

ol /

Bulk
V,0,: Eva—~

Q [em™)
\
\
|
|
|

10° . ./
18 22

hviev]

FIG. 4. The absorption coefficient as a function of the incident photon ener-
gy for bulk single-crystal V,0,. The data were taken from Ref. 11. Measure-
ments were made with the electric field vector E in the (010) plane parallel
to either the a or ¢ axis, as labeled. Crosses indicate a transition in @ from an
exponential to power dependence on Av. For comparison, the extremes in
sputter-deposited film behavior obtained in this study are included.
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However, the absorption edge of the films differs from
that of bulk material in two respects: (1) the functional de-
pendence of @ on Av in the high-energy region and (2) the
prominence of the low-energy tail. Investigators of bulk
V,0; disagree about the functional dependence of a on Av.
Working with single crystals, Kenny er al.'? and Bodo and
Hevesi' found a to vary linearly with (hv)*/2 This depen-
dence is characteristic of a forbidden direct transition across
the band gap of a crystalline solid. Working with polycrys-
talline powder, Karvaly and Hevesi'' found  to vary linear-
ly with (Av)'/2. This dependence is characteristic of an al-
lowed direct transition across the band gap of a crystalline
solid. In these studies, the room-temperature band gap was
calculated by extrapolating a vs (hv)*or (hv)'/*toa = 0.
E; was found to lie between 2.30 and 2.36 ¢V, depending on
investigator and crystal anisotropy.

With respect to the films studied here, two types of
band-to-band transitions in which a varies linearly with
(Av)? are as follows.

y (1) An allowed indirect transition in a crystalline sol-
id™: '

a=A(hv—Eg)?, (5)
where 4 is a constant. Equation (6) is shown as a solid line in
Fig. 3 for samples B, C, and D, with E; =2.18 eV, and a
dashed line for sample A with £; = 1.95eV.

(2) A nondirect transition in a noncrystalline solid?°:

(ahv) = B(hv — E,)>. (6)
E, is the optical band gap and B is a constant. Transitions
across £, occur between extended states in the valence and
conduction bands. A parabolic density of states for both
bands is assumed. Electron momentum, however, need not
be conserved during the transition. Figure 5 shows (aAv)'/?
as a function of Av for all samples. The solid line represents
the best fit through the data for sample D, which when ex-
trapolated to @ =0 yields E, = 2.18 V. The dashed line
represents the best fit for sample A, which yields £, = 1.95
eVata=0.

In order for Eq. (6) to be applicable to our material, the
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FIG. 5. (ahv)'/? as a function of the incident photon energy for Av > 2.48
eV for sputter-deposited vanadium pentoxide. The solid line is a best fit of
the data for sampie D to Eq. (6). The dashed line is a best fit of the data for
sample A to Eq. (6).
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films must have sufficient topological®' disorder so that elec-
tron momentum need not be conserved during the transi-
tion.??2 All of the films have some degree of crystallinity
perpendicular to the substrate plane (Table II). There is a
repetition of successive V-O and O layers parallel to the
substrate. However, the degree of randomness within the
substrate plane (randomness in the orientation of theq and ¢
axes from one crystallite to the next) is not known. The large
FWHM of the (010) diffraction peak can be caused by mi-
crocrystallinity parallel to the substrate? as well as perpen-
dicular. For this reason, the model which has traditionally
been applied to a noncrystalline solid can also be considered
here. This model is particularly satisfying because it involves
a transition between parabolic bands, consistent with the
results for single crystal V,0, described above.

Gilles and Boesman'® proposed a model describing the
effect of increasing nonstoichiometry on the V,0, structure
which is useful for interpretation of our results. Based on an
electron paramagnetic resonance study, the defect center of
as-grown single crystal V,0 was found to involve an O va-
cancy in the O layer between two V-O layers in (010)-type
planes. Atomic order in V-O layers is not structurally dis-
turbed by a small amount of O vacancies in adjacent O lay-
ers. However, when a sufficient number of O atoms are re-
moved from an O layer, adjacent V-0 layers collapse, giving
rise to VO,,-type stacking faults. V-O coordination in the
faulted areas changes from distorted octahedral (V,0;) to
tetrahedral (V,0,;).

With respect to the films studied here, consideration of
the model discussed above indicates that V-O coordination
controls the behavior of the absorption edge in the high pho-
ton energy region. Short-range order is known to control
absorption behavior for Av> E; in other materials with
equivalent local cation-anion bonding but different long-
range order.?? Decreasing sputtering gas O, content from
8% t0 2% increases nonstoichiometry, a gross manifestation
of which is the change in color from yellow to green. Initial-
ly, the effect of nonstoichiometry is to contract the (010)
interplanar spacing as O vacancies are created, although V-
O coordination does not change. Hence, samples B, C, and D
have different (010) interplanar spacing although identical

absorption edges for hv > 2.48 eV. As nonstoichiometry in-
creases further, the stacking faults that develop give rise to a
change in V-O coordination and to a change in the shape of
high-photon-energy region of the absorption edge (sample
A).

The low-energy tail appears to be sensitive to electronic
defects arising from nonstoichiometry. The exponential tail
in sample D is characteristic of a continuum of states adja-
cent to either the conduction- or valence-band edge and ex-
tending into the gap.'*2%222425 The exponential dependence
of the tail, d[In a(hv))/d(hv), is equal to (2 kT) "' for
single crystal V,0, (Ref. 12) and (6.4kT) for sample D.

Broadening of an exponential tail in both crystailine and
noncrystalline semiconductors has been associated with im-
purity concentration, in particular with impurities which
lead to charged defects. 242

As the sputtering gas O, content is decreased from 8%
(sample D) to 6% (sample C), the low-energy tail further
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broadens and develops two small bands at 2.14 and 2.38 eV.
These features are related to states within the band gap
which do not form a continuum of states adjacent to either
the valence- or conduction-band edge. Hence the exponen-
tial shape of the tail is lost.** As the sputtering gas O, content
is further decreased (samples A and B), the low-energy tail
flattens out to a plateau of nearly constant a.

Chemical analysis by Auger and x-ray photoelectron
spectroscopy was carried out to determine if elemental im-
purities were present.”® No elemental impurities were found.
We therefore conclude that enhanced absorption in the low-
energy tail is associated with self-impurities. In order to elec-
trically compensate for each O vacancy, two V** ions or one
V3 jon must be created. '® Enhanced absorption in the low-
energy tail is most likely associated with either or both of
these species.

V. SUMMARY

A series of V-0 alloy films were grown on glass sub-
strates by reactive sputter deposition using a V target and
Ar/0, discharges containing 2% to 8% O,. The optical be-
havior of the films from 390 nm (3.18 eV) to 700 nm (1.77
eV) was studied by spectrophotometry. Transmission and
reflection measurements were used to determine the absorp-
tion coefficient as a function of incident photon energy.

The following conclusions can be drawn from the re-
sults presented above:

(1) The optical absorption edge for all films shows two
distinct regions of behavior. A high photon energy region in
which a varies linearly with (hv)? is associated with va-
lence-to-conduction band transitions. A low-energy tail is
associated with interband transitions involving impurity
states within the gap.

(2) X-ray diffraction results show that (010) planes of
the orthorhombic V,0O; lattice are oriented parallel to the
substrate in all films. These planes consist of successive lay-
ers of V + O and O atoms. The (010) interplanar spacing
decreases from the bulk value as the sputtering gas O, con-
tent decreases from the amount necessary to form an oxide
layer at the target surface. The contraction in (010) inter-
planar spacing is consistent with a model'® for the structure
of nonstoichiometric V,0; with O vacancies in (010)-type O
layers.

(3) Optical absorption in the high photon energy region
appears to depend upon V-O coordination. Based on the
structural model cited above, V-O coordination changes
only after enough O vacancies are created so that adjacent
V-0 planes collapse.

753 J. Appl. Phys., Vol. 60, No. 2, 15 July 1986

(4) Optical absorption in the low-photon-energy tail in-
creases as the sputtering gas O, content decreases from the
amount necessary to form an oxide layer at the target sur-
face. Absorption in the tail region is associated with self-
impurities, in particular with V in an oxidation state lower
than + §.
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Low-temperature oxidation of nonstoichiometric sputter deposited

vanadium pentoxide
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V.0, is a layered compound in which alternating sheets of V,0, atoms and O atoms alone are
oriented parallel to the (010) lattice direction. Recent interest in O-deficient V,0, centers around
its use as an oxidation catalyst. In the present paper, nonstoichiometric V,0O; films were sputter
deposited onto glass substrates and annealed in air at 280 °C. Changes in crystallography and
optical absorption in the 390 to 700 nm wavelength region were determined as a function of time
at temperature. Low-temperature oxidation is used here as a probe for understanding the
structure of the as-deposited film and to study the evolution of film structure as annealing

progresses.

I. INTRODUCTION

Bulk V,0; has an orthorhombic lattice at room tempera-
ture, with parameters ao = 11.519 A, b, =4.373 A, and
¢o = 3.564 A.' In a perfect lattice, each V atom is surround-
ed by six O atoms which form the corners of a distorted
octahedral cage [Fig. 1(a)].? Two of the V-O bonds are
directed along the b axis ({010) direction). One of these
bonds is much longer than the other, hence weaker, and also
longer than the other four V-O bonds in the system. As a
result, a V atom in V,0; is in effect in five-, not sixfold,
coordination with O.

The effective fivefold coordination of V with O leads to an
extended array of pyramids whose apices (vanadyl O
atoms) are pointed alternately up or down along the &
axis.>” The pyramids are joined at shared corners (chain O
atoms) to form zig-zag chains along the ¢ axis. The chains
are crosslinked with groups of three O atoms (bridge O
atoms) to form layers perpendicular to the b axis. These
layers consist of V 4+ O atoms and O atoms alone, as shown
in the projection of the {001} plane in Fig. 1(b).

The defect structure of both as-grown bulk single-crystal
and thin layers of reduced vanadium pentoxide involves van-
adyl O vacancies.*® The geometry of a single defect is
shown in Fig. 1(¢). A model by Gillis and Boesman,® based
on an electron paramagnetic resonance study,® proposed
that atomic order in the V-O layers is not disturbed by a
small vanadyl O vacancy concentration. However, when
there are a sufficient number of vanadyl O vacancies present,
V-0 pianes collapse and the V,0q lattice shears locally to
form a fault with a VO, structure. V-O coordination in the
faulted region changes from distorted octahedral (V,0;) to
tetragonal (V,O,;). The results of an early low-energy elec-
tron diffraction (LEED) study by Fiermans and Vennik*
showed that the reduction of V,0, involves the removal of
every third vanadyl O layer. The intermediate oxides, V,0,
and V,0, are described in a survey article by Fiermans et
al.'® V-0 coordination in these phases is octahedral as in
V,0s, and their structure can be considered to be V,0, with
a superimposed defect sublattice of ordered vanadyi O va-
cancies.

In a previous study,'' we examined the optical behavior in
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the visible spectrum (1.8-3.2 eV) and crystallographic
properties of V-0 alloy films grown on water-cooled glass
substrates by sputtering a V target in Ar-O, gas containing
less than the critical O, content necessary to form an oxide
layer at the target surface. On the basis of x-ray diffraction
(XRD), the films were nominally identified as V,0s, grown
with the b axis perpendicular to the substrate plane. How-
ever, two factors led us to conclude that the films were non-
stoichiometric:

(1) There was a low-energy tail on the optical absorption
edge. V in an oxidation state of less than + § in bulk V,04 is
known to cause absorption bands in this region.”'?'* Chem-
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F1G. 1. (a) The effective fivefold coordination of V with O in a perfect V.0,
lattice. Dark circles represent V atoms. White circles represent O atoms.
Oy = vanadyl O, O¢ = chain O, O = bridge O. Bond lengths are shown
inA. (V-O, bond length differs among investigators, the value used here is
from Ref. 10.) (b) A projection of the {001} plane of the V, Oy lattice (after
Ref. 11). (¢) The atomic arrangement around a single O, vacancy.
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ical analysis by x-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES) showed that there
were no foreign impurities present in the films which would
account for the absorption tail.

(2) The average value of the b-lattice parameter was
smailer than that for bulk stoichiometric V,Q;. Contraction
of b is associated with vacancies in the vanadyl O layer and
the relaxation of the surrounding V-O layers into the va-
cancy.'® _

The degree of nonstoichiometry was estimated to be in the
range VO, s _ ., where 0 < x <0.33. This estimate is based on
the aforementioned XRD results which show that the as-
deposited film contains a V,05 component, that is, is not
completely V,0,; (x =0.33). AES line shapes, XPS V/O
peak height, and chemical shift in binding energy of the V 2p
and O 1s core electrons are commensurate with those report-
ed for V,Os, although AES and XPS are not particularly
sensitive techniques for distinguishing higher-order V ox-
ides."”

The interest in nonstoichiometric V,0Q, films centers
around the use of this material as an oxidation cata-
lyst.'®!8-2% In the present paper, low-temperature oxidation
is used as a probe for understanding the structure of the as-
deposited film, and to study the evolution of film structure as
annealing progresses.

Il. EXPERIMENTAL PROCEDURE

A. Film deposition

A liquid-N, cold-trapped, hot-oil diffusion pumped radio-
frequency-excited planar diode sputter deposition apparatus
was used to grow the films. The target was a 7.6-cm-diam
disk of 99.7% V which was bonded to a water-cooled stain-
less-steel cathode. The substrates were 7.6 2.5 cm glass
slides chemically cleaned using a chelating procedure and
placed in contact with a Cu anode. To prevent Cu contamin-
ation of the film by backsputtering, areas of the anode which
were not covered by the substrates were coated with ~ 100 A
of V prior to deposition. The distance between target and
substrates was 5 cm.

The chamber was evacuated to a base pressure of 5 10~
Torr, throttled, and backfilled with 0.01 Torr of 99.9999%
pure Ar gas. With a shutter covering the substrates, the tar-
get was sputtered in Ar using 300-W forward power (2.3kV
peak-to-peak) for 45 min. The discharge was extinguished,
the chamber was reevacuated, throttled, and backfilled with
a gas mixture of Ar-2% O, at a total pressure of 0.01 Torr.
The target was sputtered in this gas mixture for 45 min. The
shutter was then opened and the film was deposited. After
deposition, film thickness was determined from the height of
a step using a profilometer and found to be 5.4 + 0.1 kA.

B. Optical behavior

A Perkin-Elmer model 330 double-beam spectrophoto-
meter with a specular reflection attachment was used to
measure the transmittance T and reflectance R of near-nor-
mal incidence radiation in the 390-700 nm wavelength
range. The absorption coefficient (a) was calculated as de-
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scribed in Ref. 11, from the following relationship?':
T={(1-R) exp( —ax)}/{1 ~ R%exp( —2ax)}. (1)

For the experimental data presented here, the term
R, exp( — 2ax) is always less than 3% of unity and is there-
fore neglected.

C. Crystallography

Diffraction patterns were obtained using 1.5418-A wave-
length (1) unresolved Cu Ka radiation. The diffractometer
was calibrated using the {1010} peak of a polycrystalline
quartz standard at 26 = 20.84°. The precise peak position
( + 0.02°), the relative intensity, and the full peak width at
one-half the maximum intensity (FWHM) were measured.
The FWHM due to instrument effects alone was 0.18°, mea-
sured from the {1010} quartz peak. For each sample, five
measurements were made at each of three equidistant places
along the length of the glass slide substrate. The interplanar
spacing d,,, was calculated by substituting the peak posi-
tion into the Bragg equation: #4 = 2d,,; sin 6.

D. Annealing

The samples were inserted into a quartz tube furnace al-
ready at temperature and isothermally annealed in air at
280 °C for 30 to 600 min. This was the lowest temperature at
which a change in film behavior could be reproducibly mea-
sured. During annealing, a thermocouple was attached to
the sample. The sample + glass tube was removed from the
furnace for cooling. The temperature of the sample dropped
from 280 °C to room in 8 min,

. RESULTS
A. Crystallography

Only diffraction from {010} V,0, planes was detected,
before and after annealing. The {010} interplanar spacing b,
is shown in Fig. 2(a) as a function of annealing time. The
value of 6 for the as-deposited material is equal to 4.363 A
and does not change within experimental error for the first
60 min of annealing. This value is 0.23% less than b, (4.373
A). The value of b increases to 4.379 A as the annealing time
is increased from 60 to 240 min. This value is 0.14% larger
than b,,

The FWHM of the {010} diffraction peak is shown in Fig.
2(b) as a function of annealing time. There is a large de-
crease in FWHM after 30 min of annealing after which a
small change occurs. In general, materials parameters which
contribute to the FWHM include small crystallite size, vari-
ation in interplanar spacing, and stacking or growth faults.

The relative intensity of the {010} diffraction peak is
shown in Fig. 2(¢) as a function of annealing time. Thereisa
4.5-fold increase in intensity within the first 30 min of an-
nealing, after which no further change occurs. The intensity
is directly related to the number of crystallites aligned with b
axes perpendicular to the substrate.

B. Optical behavior

The optical absorption coefficient, calculated using Eq.
(1), 1s shown in Fig. 3 as a function of the incident photon
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F1G. 2. (a) The interplanar spacing, (b) FWHM, and (c) intensity relative
to that obtained from an as-deposited film obtained from the {010}, V,0, x-
ray diffraction peak. Error bars indicate two standard deviations from the
mean for a sample size > 15. No error bars are shown when the symbol size
is >2S8D.
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F1G. 3. The optical absorption coefficient as a function of incident prioton
energy for various annealing times for V,0, films on glass substrates.
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energy for annealing times of 0, 30, 60, and 600 min.
Changes in a occur for annealing time up to 60 min, after
which there is no further change in a. Data for annealing
times of 90, 120, 150, 210, 330, and 480 min were identical to
that obtained for 60 and 600 min and are not included in Fig.
3.

Two regions of behavior of a as a function of hv can be
identified:

(1) There is a low-energy region in which a varies slowly
with av. For the as-deposited material, a is nearly constant
for 1.8 <hv < 2.5 eV. For all annealed films, the low-energy
region occurs between 1.8 and 2.2-2.3 eV. After a 30-min
anneal, the value of a has decreased throughout the low-
energy region and a small peak develops at 2.1 eV. After a 60
min anneal, the value of a has further decreased and an addi-
tional peak develops at 1.9 eV.

(2) There is a high-energy region in which a increases
rapidly with increasing hv (charge transfer region). The
rapid increase in a is associated with the onset of the funda-
mental optical absorption edge, resulting from the transfer
of electronic charge from valence to conduction band. A
large change in the dependence of @ on Av has occurred in
the charge transfer region after a 30-min anneal. Subsequent
annealing has no effect on a.

IV. DISCUSSION

Based on the results presented above, the annealing pro-
cess can be divided into three stages. The first stage
(time <30 min) is marked by pronounced changes in optical
absorption. The change in a throughout the charge transfer
region indicates a change in the average V-O coordination in
the film. This would occur if the as-deposited film contains
regions of V,O,;, along with the V,0, phase detected by
XRD. The increase in {010} diffraction peak intensity and
the decrease in FWHM during the first stage of annealing
are consistent with the oxidation of V,0,; growth faults to
form V,0.

Thedecrease ina for hv < 2.3 eV and the development of a
discrete band centered at 2.1 eV indicate a change in the
nature of the electronic transition responsible for absorp-
tion. The broad, featureless band in the spectrum of the as-
deposited film is characteristic of a delocalization of elec-
tronic charge. In the case of the isolated defect shown in Fig.
1(c), excess charge is localized near the V site adjacent to the
vanadyl O vacancy, giving the ion a V** nature.” Delocali-
zation occurs when the structure of a single defect is dis-
turbed: when the density of vanadyl O vacancies increases so
that adjacent defects interact,” or when the V,Oj lattice col-
lapses to form V,0,,.°7?° As annealing progresses, charge
becomes localized in the vicinity of the V site adjacent to the
vanadyl O vacancy. Electronic transitions possibly responsi-
bleforthe absorptionbandat2.1eVare (1) 3¢ ' — 3d ' transi-
tions of the V**ion in the complex containing the vanadyl O
vacancy,'® or (2) transitions between a 3d ' level of the V**
ion and an empty V 3d state at the bottom of the V,O; con-
duction band’ which has been locally perturbed to lower
energy.®

The second stage of annealing (30 <time<60 min) is
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marked only by changes in the low-energy region of the ab-
sorption spectrum. A further decrease in a and the forma-
tion of a second peak at 1.9 eV, indicate that excess charge is
becoming increasingly localized. Sharpening of the onset of
the fundamental absorption edge indicates a decrease in the
number of V 3d states (the bottom of the V,0, conduction
band) perturbed to lower energy by the presence of vanadyl
O vacancies.

The third stage of annealing (60 <time<240 min) is
marked by an increase in the lattice constant b with no
further change in optical behavior. Possible explanations in-
clude the diffusion of additional O to interstitial sites in the
vanadyl O layer in spite of the fact that vanadyl O vacancies
remain,*® and the formation of an ordered array of vanadyl
O vacancies. '%#

V. SUMMARY

We have studied the changes in crystallography and opti-
cal absorption in the 390-700 nm wavelength region that
occur when nonstoichiometric sputter deposited V,O; films
are annealed at low temperature in air. XRD results show
that as-deposited films contain a V,0O; constituent with
{010} planes oriented parallel to the substrate. However, a
change in the average V~O coordination during the early
stage of annealing supports a model for the as-deposited ma-
terial in which V,O,; growth faults are present. This is con-
sistent with the structure of reduced bulk V,Q; single crys-
tals. Annealing occurs in three stages. First, there is
oxidation of regions of the film in which the V-O coordina-
tion is not octahedral (as in V,0,, growth faults). Second,
there is increased localization of excess electronic charge on
the V site adjacent to a vanadyl O vacancy giving the ion a
V*“nature. Finally, there is an increase in {010} interplanar
spacing with no further change in optical absorption.
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INTERLAYER SPACING OF SPUTTER DEPOSITED VANADIUM PENTOXIDE

Carolyn Rubin Afta, Chee-Kin Kwok, and Mei Lee Kao
Materials Department and the Laboratory for Surface Studies
University of Wisconsin - Milwaukee

P.0. Box 784

Milwaukee, Wisconsin 53201

ABSTRACT

atmospheres containing 0 to 98% Ar. The interlayer spacing was studied as a
function of sputtering gas 0‘ content. The results are discussed in terms of
r

5: Vanadium pentoxide films were grown by sputtering a Y target in Oaburing
defects in the vanadyl 0 lay

and correlated with target surface oxidation.

o
b INTRODUCTION
An

Vanadium pentoxide is of current interest as an oxidatfon catalyst [1-4]
and as a thermally-activated electrical and optical switching material [5].
At room temperature, the compound 1s a wide band gap semiconductor [6-3] with
an orthorhombic lattice [10]. The atomic arrangesent along the [010] lattice
direction consists of alternating sublayers of V+0 atoms and 0 atoms alone
(vanadyl 0 sublayer) [11-15]. This arrangement is shown schematically in
Fig. 1 which is the projection of the ¥,05 lattice onto the (001) plane.
[y

The present paper deals with the (010) interplanar spacing of films
which have been deposited on unheated laboratory glass slide substrates by
sputtering a V target in rf-excited 0,-bearing discharges containing 0 to
98% Ar. All films have in common a cguponent {dentifiable by x-ray diffrac-
tion (XRD) as V,0., oriented with (010) planes parallel to the substrate.

No other orien&t?ons of the V,0, lattice were detected. No V-suboxides were
detected by XRD. However, spegtﬁophotonetric measurements [9,16] showed that
films deposited in Ar-2% 0, discharges contained a component in which Y¥-0
. bonding was not octahedrall characteristic of v,0.. We previously concluded
i that vfgli growth faults were present, in additgog to the vﬁos phase. The
t

a_e
-‘-

e

stoich ry of these filus was estimated to be V0,  with "0 < x < 0.33,

EXPERIMENTAL PROCEDURE

»
% Fila Deposition and Ia situ Discharge Dfagnostics: A liquid N,-cold
. trapped, hot-oil diffusion pumped, rf-excited planar diode sputter Eepo-
sition apparatus was used to grow the films. F{ilm growth has been previouse
. ly described in Refs. 9, 16, and 17. Yo summarize here, the sputtering
l?‘ target was a 7.6 cm diameter dfsc of 99.7% V which was bonded to a water-
cooted stainless steel cathode. The substrates were laboratory glass slides
chemically cleaned using a chelating procedure and placed in contact with a
Cu anode. To prevent Cu contamination of the film by backsputtering of the

- anode, areas of the anode which were not covered by the substrates were
:\; coated with 100 A of V prior to deposition. The distance between target and
r} substrate surface was 5 cm.
The chamber was backfilled to a pressure of 1 x 107 Torr with 99,9992 :
' pure Ar gas. Before backfilling, the chamber was evacuated to 5 x 10" Torr.
The residual gas in the chamber was water-vapor. With a shutter covering
o the substrates, the target was sputter cleaned using a 300 W Ar discharge

for 45 min. The discharge was then extinguished, the chamber was re-
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evacuated, throttled, and backfilled with a particular Ar-0, mixture or 0,
of 99.97% purity. Discharges containing 2, 4, 6, 8, 10, 25, and 100% 02
were investigated.

The target was sputtered in the 0,-bearing atmosphere of chofce for an
additional 45 min before the shutter wis opened and a film deposited on th
substrates. Depositfon time was 3 h. Fila thickness ranged from 2 to Sk
depending upon discharge composition [9,17].

Optical emission spectroscopy was used to monfitor the number of V atoms
sputtered from the target surface during the course of each depositfon, as
described in detail {n Ref. 17. The V atom population in the plasma voluame
was related to the state of target surface oxidation. We concluded that the
target surface became increasingly oxidized by the discharge as the sputter-
ing gas 0, content was increased from 2 to 8%. At Ar-8% 0,, the target sur-
face was ;ully oxidized and no longer acted as a getter fo; 0, in the dis-
charge.

Crystallography: X-ray diffractfon patterns were obtained using 1.5418 R
wavelength (A} unresolved Cu Ka radiatfon. The diffractometer was calibrated
using the {1010} peak of a polycs stalline quartz standard at 20 =20.84".

The precise peak position (+0.02 { and the full peak width at one half the
maximum intensfty (FWHM) were measured. The FWHM due to instruxent effects
alone was 0.18", measured from the {1010} quartz peak. For each sample,

five measurements were made at each of three equidistant places along the
length of the glass slide substrate. The interplanar spacing, d{hkl}, was
calculated by substituting the peak position into the Bragg equation:

nA =2d{hk1}sin6.

RESULTS

The (010) 1nterplanar spacing, b, is recorded in Table [ and shown as
a function of sputtering gas 0, content in Fig. 2a. The value of b_, the
interlayer spacing for bulk, uﬁstressed V,0. 1s equal to 4.373 X [10]. The
difference in interlayer spacing between gh filas studied here and bulk,
unstressed vzos is given by the relationship:

8b = (b-by)/b, . )

The values of Ab are recorded in Table I. The expression "strain® {s not
used to describe Ab because the measured (010) {nterplanar spacing may be
that which results fn an unstrained lattice for a particular film non-
stoichiometry.

Table I: (010) Interplanar Spacing of Sputter Deposited Vanadfus Pentoxide

Gas 0, Content b [R] ab(%)]
2 4.363 2 0,003 -0.23

a2 4.363 £ 0.007 -0.23

6z 4.368 = 0.003 -0.11

83 4.381 t 0.004 +0.18

108 4.402 ¢ 0.007 +0.66

253 4.421 ¢ 0.00§ +1.10
1002 4.423 £ 0.003 +1.14
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The FuHM of the (010) diffraction peak is shown in Fig. 2b as a function
of sputtering gas 0, content. The FUHM for all samples s greater than ex-
pected froa 1nstru‘nul effects alone. In general, materials parameters
which contribute to peak broadening are small crystallite size, stacking
faults, and non-uniform strain (distribution of lattice spacing about the
average value). Two orders of two diffraction peaks are required to re-
alistically estimate the individual contribution from each factor [18] and
this information 1s unavailable (as is usually the case) in thin filas with
a strong preferred orfentation.

DISCUSSION

It can be seen from FI?. 2a that there are two regions in which the
interlayer spacing varies slowly with sputtering gas 0, content: b<b

(gas 0, content < 6%) and b>b_ (gas 0, content > 252). There is a tRansi-
tion rigion in which b ra91419 1ncrea§¢s from less than to greater than bo.
The onsaet of the transition region is marked by a rapid increase in FWHM,
as seen from Fig. 2b, and is concurrent with the complete oxidation of the
target surface %17].

We previously studied the dependence of optical absorption on gas 02
content for sputtering gas containing 2 to 8% 0, [9]. The results showed
that as the sputtering gas 0, content was decreised from 8 to 4%, vacancies
in the vanadyl O sublayer fo;ned. An increase in vanadyl 0 vacancy concen-
tration was detected first by the growth of an isolated absorption band
and subsequently by a broad tail adjacent to the fundamental optical
absorption edge at 2.48 eV. A contraction of the interlayer spacing, as
seen in the results of the present study, would be expected to accompany
the formation of 0 vacancies in the vanadyl 0 sublayer as the sputtering
gas 0, content {s decreased.

No further decrease in interlayer spacing occurs as the gas 02 content
is decreased from 4 to 2%. As mentioned in the Introduction, films“depos-
ited in 2% 0, gas contain a V.0,. component, in the form of growth faults.
Apparently, ihe v,0. lattice éaMot sustain an interlayer contraction
< 0.23% without u?tdirgoing a phase transition to a lower oxide.

With respect ta films deposited {n sputtering gas containing >81 O,,
the arrival of excess oxygen, unable to be gettered by the oxidized targit
surface, and the incorporation of this oxygen into the film as interstitials
in the vanadyl 0 layer [4], would account for the increase tn interlayer
spacing above b_. However, precise chemical analysis of the filas is re-
qired to prove Unts hypothesis.

SUMMARY

Vanadium pentoxide films were grown by sputtering a V target in 0,-
bearing atmospheres containing 0 to 982 Ar. All f{las had solely a (013)
orfentation; sublayers of V+0 atoms and O atoms alone were orfented parallel
to the substrate plane. The interlayer spacing was studfed as a function of
sputtering gas 02 content.

The results show that b {s very sensitive to the sputtering gas 0
content. Correlation with previous studies allowed us to relate b to t‘c
state of V target surface oxfdatfon. Values of b<b_, the interlayer spacing
in bulk unstressed V,0., are discussed in terms of Vanadyl O vacancies.
\{alues of b>b° are d?s?ussod in terms of interstitials in the vanadyl! 0 sub-
ayer.
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RESISTIVITY CHANGES AND PHASE EVOLUTION IN W-N FILMS SPUTTER

DEPOSITED IN Ne-N AND Ar-N DISCHARGES
2 2

Karl John Huber and Carolyn Rubin Aita
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P.0. Box 784
Milwaukee, Wisconsin 53201

" ABSTRACT

The effect of discharge N content and rare carrier gas type
2
on the crystal structure and electrical resistivity of sputter

deposited W-nitride films is reported here, A diode apparatus

was used to sputter a W target in rf-excited Ne~N and Ar-N
2 2
discharges spanning composition range from pure rare gas to pure

N . Post-deposition analysis included x-ray diffraction and
2
four-point probe resistivity measurements. The results show that

in Ar-N discharges, phase evolution proceeds with increasing
discharée N content as follows:.xWﬁﬂw -> low resistivity micro-
crystallinezphase, a-W(N) -> W N -> high resistivity phase,
X.W-nitride. The use of Ne-N ngzzharges accelerated the
formation of the higher N consent phases and surpressed the

formation of a=W(N).
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I. INTRODUCTION

Tungsten nitride films were produced in this study by rf
diode reactive sputter deposition onto {111}-cut Si and glass
substrates. Two deposition parameters were investigated:
discharge N content and the type of carrier gas used. The
purpose of ihis study was to investigate phase evolution as a
function of easily controllable deposition parameters.

Published information about the W-N system is limited. Much
of the work to date has been by Nicolet and co-workers(1-3) who
deposited W-N alloys using Ar-N discharges in an rf magnetron
system. Although the aim of thi investigation was for diffusion

barrier applications between Si and a metallic overlayer, phase

¥
-
b Y

evolution as a function of gas N content and post-deposition
‘ 2

2

2

annealing was also reported.
(%)

-

Other researchers studied electrical resistivity,
(5)
superconducting behavior, optical properties, and Schottky
(7,8)
barrier properties of specific W-nitrides. However, these

studies were directed towards the fabrication of a specific
device, rather than to obtain fundamental information about the

sputter deposited W-N alloy system.

There are three places in a N -bearing sputter deposition fﬁ,
discharge where chemical reactionszthat control compound forma- %%%
tion in ﬁhe film can ocecur: 1) at the substrate, 2) at the tar- Eg:
get surface by the formation of a nitrided layer which becomes in Eﬁs
effect the target material, and 3) in the plasma volume. Plasma R

s
x

volume studies of rf-excited rare+reactive gas sputtering dischar-
(9-11)
gas have been reported. An important process which occurs

M\
%
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is Penning ionization, the ionization of a ground state N mole-
2
cule through a collision with a rare gas atom in a low-lying
(12,13)

metastable level. Metastable Ne atoms carry sufficient
m
energy (E =16.6, 16.7eV) to ionize ground state N (first ioniz-
2 m

ation potential=15.6eV) whereas metastable Ar atoms do not (E =

(11.5, 11.7eV). It is known that by an impact dissociation
+

mechanism, N ions are more reactive with a W surface than
2 (14)
neutral N species.
2 +
In addition to producing N , there are other possible

2
reasons why the use of Ne rather than Ar carrier gas will aid the

nitriding process. As a physical sputterer, Ne with half the
mass of Ar will have a smaller energy transfer function(15) when
incident on the target surface. For the same accelerating
cathode voltage, the sputtering yield will be less when Ne is used.
A reduced sputtering yiéld leads to a reduction in deposition
rate, Therefore more time is available for nitriding reaction§l
which depend upon surface diffusioq}to occur at the substrate.
Furthermore, Ne incident on a nitrided target surface will
cause less dissociation than Ar, again from energy transfer
function considerations. The flux arriving at the substrate will
therefore consist of a larger percentage of nitrided W species,.
II. EXERIMENTAL PROCEDURE

Film Deposition: The films were prepared by sputtering a

12.7cm-diam, 99.995% W target in Ar-N and Ne-N discharges

2 2
containing 0-100%N . A diffusion-pumped, liquid N -trapped,
2 2
rf diode system was used. Gas purity was 99.999% for Ar and N ,

2
and 99.996% for Ne. A capacitance manometer was used to
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establish the partial pressure of the gases which were admitted
sebarately into the chamber, {111}-cut Si wafers and laboratory
glass slides were used as substrates. Substrates were chemically
cleaned using a chelating procedure and placed in thermal contact
with a water-cooled Cu pallet which covered the anode. Prior to
deposition the chamber was evacuated to 3.0x10-7torr and
backfilled to 1x10.2 torr with Ar. The target was cleaned by
sputtering with Ar for 60min with a shutter covering the
substrates. This cleaning process was followed by a 45min
sputtering of the target with the gas mixture under.investi-
gation. The second process was carried out to allow the
formation and dissociation of a nitrided target layer to reach
steady state. In the third and final operation, the shutter was
opened and a film was deposited. The anode-cathode spacing was
S5cm, the cathode voltage (V ) was either 1000 or -1600V (p-p), and

c
the anode was at ground. Specific deposition conditions are

recorded in Table I.

Film Characterization: A section of each substrate was
masked during deposition to produce a step from which film
thickness was measured using a Tencor Alpha-200 model
profiloﬁeter with an instrument accuracy of +5%. Growth rate was
calculated by dividing the value of the film thickness by

deposition time.
(16)
Sheet resistance was measured using a four-point probe.
Resistivity was calculated by taking the product of the sheet

resistance, a shape factor (4.532 for an infinite sheet), and

film thickness.

by
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Crystallography was determined by x-ray diffraction (XRD)
using 1.548 wavelength unresolved Cu Kq radiation. Diffraction
o
patterns in the 26 range from 20-90 were taken. Peak position

(28), relative intensity (I), and full width at half the maximum

intensity (FWHM) were determined. Interplanar spacing (d) was

determined from the Bragg equation. The accuracy in measuring
o
peak position was +0.1 . The instrument was calibrated using a

quartz standard. The FWHM of the quartz {1071} diffraction peak
o) o
at 20=26.66 was 0.18 . This value was assumed to represent

P =B

peak broadening caused solely by instrument effects.

s

ITII. RESULTS AND DISCUSSION

ALY

Table I lists film thickness, growth rate, and resistivity.
Growth rate and resistivity are shown as a function of
discharge N content in Figs. 1 and 2 respectively. Figure 3

2 o
shows typical XRD patterns in the 26 range from 30 to 44 .

257

Quantitative results obtained from XRD are recorded in Table II.

oL |

Bulk W (aW) has a becc lattice structure and a resistivity

Qj of 5.?ﬁ?;ff%) The resistivity reported for sputter deposited W
- films is considerably higher than that for bulk W. This
?: has been attributed to the formation of a metastable phase, fce
& BW which has an A15 crystal structure.(17)

g In the present study, aW and BW phases were found to coexist
. in films deposited using pure Ar and Ne discharges. The

:3 resistivity of these films lies between that of oW and the range
gﬁ of values reported for 8W, 150-350uQ-cm.

r;g Films deposited in Ar'-N2 discharges containing 10-25%N2 show
{E: a single broad diffraction peak, indicating the presence of a

o
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'

microcrystalline phase denoted here "a-W(N)". The resistivity of

these films is low, ranging from 175+20 to 33719@ﬂﬁr0m. The

N-rich W N phase was formed when the discharge N content was
2 1+x 2
increased to 50%. The d-spacings for W N recorded in Table II
(18) 2 1+x (1)
indicate a W N lattice expanded with interstitial nitrogen.
2
Diffraction patterns of films deposited in Ar-N discharges
2

containing 75% N show a single weak peak, corresponding to a

d-spacing of.2.51-2.563. This peak is also present in films

deposited in 100% N . No assignment can be made on the basis
2
of this reflection. The phase to which it corresponds is denoted

-~
-

9
&} "Y.Wenitride" here. Films which contain X.W-nitride have a high
Bt resistivity. 1In consideration of the weakness of the reflection,
~ it is likely that the X.W=nitride phase is embedded in a matrix
. of material that shows no long range crystallographic order
N . when inspected by XRD.
N

lll
[ o N

Phase evolution in films deposited in Ar-N discharges in
2

this study is similar to that reported in Ref. (1). Low

resistivity films identified as "amorphous" in Ref. (1) are

g; considered to be identical to the microcrystalline a=W(N)

) produced here. In both studies, the yet-be-identified X.W-nitride
51 phase was present. Neither 8W(N) (containing 2>18- <33 atom% N) nor
e WZN (containing 33 atom% N) was observed in as-deposited films.

&

In films grown in Ne-N discharges, the a-W(N) phase was
. 2
not observed. 1Instead, phase evolution proceeded from two-

phase aW+8W directly to W N . The transition occurred at

eTeTeTE W TWW N N E KENER L AAARSLS S TERN X YT,V TS AP

o 2 14X
low discharge N content, 5-7%, compared to 50%N required to
2 2

o~ produce W N when an Ar-N discharge was used. A further

";_\ 2 1+x 2
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-1000V is the same throughout the range of discharge N content.
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small increase in discharge N content to 12-14% produced an
2
order of magnitude increase in resistivity and the formation of

the X.W-nitride phase.

The possibility of a slower deposition rate being solely re-
sponsible for the accelerated formation of higher N content phases
when Ne carrier gas was used can be eliminated by considering the
curves presented in Fig. 1. For any nominal discharge composition
there is approximately a three-fold increase in growth rate
associated with an increase in V from-1000 to -1600V. However,

c

the data recorded in Table II shows that phase evolution is

independent of V within each gas system, Ar-N or Ne-N .

c 2 2
Furthermore, the growth rate of films deposited in Ne-N
2
discharges operated at-1600V and Ar-N discharges operated at
2

2
However, phase evolution in each system is very different.

We conclude that the accelerated formation of high N content
phases when Ne rather than Ar carrier gas is used is not a
consequence of increased time for surface diffusion and

compound synthesis at the substrate.

- A recent study of Al-N alloys sputter deposited using Ne-Nz,
Ar-N,, and Ne-Ar-S%N2 discharges monitored the production of Nz+
as a function of nominal discharge composition.(ll) The results
showed that there was considerably more N2+ in the discharge, in
particular for small nominal amounts of N2, when Ne rather than Ar
carrier gas was used. This result was not surprising in view of

the discussion of Penning ionization in Sec. I. In the case of

W-nitride formation, the existence of N2+ in the discharge is
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apparently the factor that leads to the accelerated formation of
high N content phases in films deposited using Ne-N, discharges.
IV. SUMMARY

The effect of discharge N2 content and rare carrier gas type
type on the crystal structure and electrical resistivity of
sputter deposited W-nitride films was studied. Phase evolution
proceeded as follows when Ar-N2 discharges of increasing N,
content were used: aW+BW -> low resistivity microcrystalline
a-W(N) -> W,N

27 1+x
When Ne-N2 discharges were used, phase evolution proceeded from

->high resistivity X,Wanitnide,

aW+BW directly to w2N1+x at very low discharge N, content.

A slower deposition rate, hence more time for nitriding
reactions to occur at the substrate was eliminated as being
responsible for the accelerated formation of high N content
phases when Ne rather than Ar carrier gas was used. It was
concluded that the presence of N2+ in the discharge was the
critical factor in forming high N content phases at low dis-
charge N2 content. The importance of target versus substrate
nitriding reactions with respect to the formation of a particular

phase will be the subject of future investigation.
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TABLE I: Deposition conditions, film thickness, growth rate and re-
sistivity of sputter deposited W and W-nitride films.

Gas W N Power Thic§gess G h Rate Resistivity
(

2 (W) (R/min) (uf-cm)

I. Ar-N,, V_x=1000V

0 100 14682119 7 101218 184216
10 100 956£109 62¢7 174220
25 100 13052429 87229 337496
50 100 1198426 60£1 660£23
75 100 7952200 3228 35371815

0 300 1050£83 294224 135213
25 2390 807235 16127 220212
49 295 1u97£439 150244 424299
74 28§ 5684107 8115 1571+£263
79 290 743£296 106242 28741838

III. Ne-Nz, Vc- 1000V

0 110 982450 2221 13218

7 105 1312£114 . 2022 3ug23S
12 100 8822191 20xL 2798254y
15 100 11612117 2322 4839£552
25 100 7332216 12%y 14109+£3409
26 100 7382221 134 156853964
35 100 8492261 142y 715121720
S0 100 827244 1521 1379621127
59 100 85024} 121 9222+168
88 100 9312166 1623 1274622281
91 . 87 892=z49 13¢1 8830577

IV. Ne-N., V ==1600V

0 260 13322150 6327 143216

5 300 136928 63 25324

1lu 285 899+£182 4529 1291224y
25 275 13442206 5228 72852117%
50 265 11082278 5521y 6008121269
66 265 9602233 4525 866022050
69 260 900£103 $328 7996£1711
71 275 1057+160 48412 §3282707

V. N,, V =1000V

100 100 9052277 1525 839822032 .
vI. Na» vc-noov

100 . 280 905£192 57212 4 506121005

a) Error represents $! standard deviation from the mean value.
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ﬂ TABLE II: Crystallography of sputter deposited W and Wenitride films. (a ‘
GasN, Phase 20(deg) _ hxl  d(R) FWHM(deg) Rel I No. A
* §
%’ I. Ar-N,, V2-1000V: i
1. 0 oW 38.93 110 2.31 1.0 100 2 ,:::,:;
8w 34.73 111 2.58 0.6 57 3 H‘:"
8w 42.63 200 2.12 0.6 20 1 Ry
g 2. 10 .-"(“) 3..‘3 - 2032 3'“ 100 e
3. 25 a-W(N) 37.83 - 2.38 6.6 100 o'"
- . A
% N. SO WoNy,o 35.73 111 2.51 2.0 100 Pl
< §. 75 X.W-nitride 3s.11 - 2.56 2.4 100 0
TGN, V.s-Is00V: pcMute
2 ‘¢ v
g 5. 0 oW 39.3% 110 2.29 1.6 100 6 &
8w 35.79 111 2.51 1.0 63 7 e
BW 82.8% 200 2.11 1.4 27 5 :,:,:::,
g 7. 25 a-W(N) 38.43 - 2.3% 4.0 100 ‘:‘;;',;‘;ﬁ
8. SO W,Ni, 36.38 11 2.47 1.2 100 wh
WoNy o 42.68 200 2.12 1.2 65 .
g WoND o 61.13 220 1.52 1.6 11 ]
9. 75 X.W-nitride  35.56 - 2.52 1.7 100 ,.23',
10. 79 X.W-nitride 35.83 - 2.51 1.6 100 .:;«':3
i III. Ne-K,, V_=-1000V "
11. 0 aW 39.53 110 2,28  1.u 100 11 k&
. 8w 35.23 111 2.55 1.3 75 12 oy
~ 8w 42.53 200 2.13 0.6 13 10 N
[ »
- 12, 7 WNy 36.23 111 2.48 1.0 100 14 Y
WoNo 42.28 200 2.1% 1.S su 13 A
. : 2
% 25 T 61.43 220 1.51 1.6 21 S 3
| 13. 25 X.W-nitride 35.23 - 2.55 4,2 100 Sk
- 14, SO X.W-nitride 35.43 - 2.53 1.2 100 §
I 15. 88 X.W-nitride  35.13 - 2.55 1.7 100 MU
oa {
IV. Ne-N,, V_2-1600V '§
;‘,3 16. 0 aW 39.63 110 2.27 1.2 100 15 e
¢ 8W 35.33 111 2.5 1.0 25 16 X
17. § W,N 36.83 111 2.4 1.4 100 18 w3y
27 1+x e
e WoNy 42.83 200 2.11 1.5 60 17 Ly
tut WoNy o 62.13 220 1.u8 1.0 23 )
18. 25 X.W-nitride  35.63 - 2.52 2.6 100 P
2 19. 50 X.w-nitride 35,73 - 2.51 2.2 100 ;
’G’_., X.Wenitride 63.63 - 1.46 0.5 45 N
20. 66 X.W-nitride 35.43 - 2.53 1.6 100 \:;:f
AU
{ V. Np, ¥ z-1000V N
! 21. 100 X.W-nitride _ 35.53 - 2.53 2.2 100 o
VI. N,, V =-1600V 3
o0 [~ “~
) 22. 100 X.W-nitride 35.43 - 2.53 2.6 100 N
I'_‘ t,(n <
a) Peak nucber in Fig. 3. N0
‘7 L
N
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Figure Captions:

\

1: The growth rate as a function of discharge N content
2

for films produced in Ar-N and Ne-N discharges with
2 2

~-1000 or-1600V applied to the cathode. Error bars

Fig.

represent +1 standard deviation from the mean.

Fig. 2: The resistivity of W and W-nitride films as a function of

discharge N content. Error bars represent +1 standard

2
deviation from the mean.

[r s S )

Fig. 3: Typical XRD patterns of W and W-nitride films in the
0

26 range from 30 to 44 ., Identification of the numbered

73

peaks is given in Table II.
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AuO* and AuOZJ gaseous ions formed during the sputter deposition

of Au films in Ar-O; discharges
Carolyn Rubin Aita

Materials Department and the Laboratory for Surface Studies, University of Wisconsin-Milwaukee,

P.O. Box 784, Milwaukee, Wisconsin 53706

(Received 26 November 1986; accepted for publication 2 February 1987)

AuO™ and AuO,* gaseous ions formed during the sputtering of an Au target in 1.0 102
Torr, rf-excited Ar-O, discharges were studied by glow-discharge mass spectrometry. These
ions are created from neutral species in the negative glow and are incident on the substrate
during a sputter deposition. The relative flux of AuO,* /Au*, AuO*/Au™, and

AuQO;" /AuO™ was determined for gas compositions from 100% Ar to 100% O,. The results
show that the arrival of Au-oxide species at the substrate, in addition to Au atoms, must be
taken into account when modeling the growth of Au films sputter deposited in O,-bearing

discharges.

The effect of oxygen on Au film growth on oxide glass
substrates has been of continuing interest for the past two
decades.'™ In the case of sputter-deposited Au, early work
by Mattox' has shown that film adhesion is enhanced when
O, is added to the Ar sputtering discharge. The reason for
this behavior is is not yet understood.

Moore and Thornton® studied the reaction of molten Au
droplets with a silica substrate in an oxygen atmosphere.
They concluded that Au reacted with oxygen from the atmo-
sphere to form a stable Au-oxide which alloyed with the
silica. There was strong bonding between the Au-doped sili-
ca and subsequent Au droplets placed upon it. Mattox sug-
gested a similar process was occurring during sputter depo-
sition, with Au-oxide formation at the substrate assisted by
active oxygen species created in the glow discharge. The
analysis assumed that the only target species incident on the
substrate were Au. However, Aita and Tran® have shown
that Pt-O bond formation in sputter-deposited Pt-O alloys is
controlled by oxidation of Pt metal at the target surface.
Hecq ef al.” and Aita® have shown that Pt-oxide species ar-
rive at the substrate along with metallic Pt.

In the present paper, the occurrence of AuO* and
AuO;" gaseous ions formed during the sputtering of an Au
target in Ar-O, discharges is monitored by glow-discharge
mass spectrometry as a function of gas O, content. Glow-
discharge mass spectrometry (GDMS) is a method of deter-
mining the relative flux and energy of positive ions incident
on the substrate plane.*® Ions bearing target species detected
by GDMS originate from sputtered neutrals which have
been ionized in the negative glow. A positive ion sputtered

5182 J. Appl. Ptrys. 81 (11), 1 June 1987
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from the target will not be able to escape the cathode field
and therefore will not be detected by GDMS.

Possible reactions in the plasma volume which lead to
the formation of Au-oxide gaseous ions can be divided into
two categories: (1) Ionization reactions involving a Au-ox-
ide molecule sputtered from an oxidized layer at the target
surface. (2) Oxidation + ionization reactions involving a
Au atom sputtered from the target surface. With respect to
the second category, two-body collisions to form AuO™ and
AuO;" directly are highly unlikely because of the momen-
tum conservation constraint. Associative ionization reac-
tions between Au and various oxygen species in which one or
both reactants are in excited electronic states are energetical-
ly possible. However, in general an associative ionization
reaction is unlikely unless one of the reactants is in a metasta-
ble state.'” The same argument holds for the occurrence of
(a) dissociative ionization involving Au and O, in which the
product AuO," dissociates to form AuO™ and O, and (b)
dissociative ionization involving Au and higher order oxy-
gen molecules, O, and O,. It is therefore assumed that Au-
oxide ions detected by GDMS are sputtered as some form of
neutral Au-oxide molecule from the oxidized surface of the
Au target. The relationship of ionic to neutral flux cannot be
determined for the Au-O system because this requires''
knowledge of the ionization potentials of AuO and AuO,,
which are unknown.

References 8 and 12 describe the rf diode sputter depo-
sition apparatus with attached spectrometer used in this ex-
periment. Positive ions from the negative glow were sampled
through an orifice in the substrate table covering the anode.

© 1987 American Institute of Physics 5182
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FIG. 1. The GDMS ionic signal in-
tensity as a function of sputtering gas
O, content for: (a) Ar* (40 amu),
0, (32amu), O” (16 amu), Ar*?
(20 amu), and Ar,” (80 amu); (b)
Au” (196 amu), AuO ™ (212 amu),
AuO,” (228 amu), and AuAr”®
(236 amu); (c) H,O0" (18 amu),
O," (48 amu), O (64 amu),
ArO* (56 amu), and ArQ; (72
amu). Total discharge pressure is
1x 102 Torr.

% 0,

A 20-cm-diam Au target was bonded to the cathode. The
chamber was pumped to 5Xx 10~ Torr base pressure and
backfilled with the Ar-O, mixture under investigation.
99.999% pure Ar and 99.97% pure O, were admitted sepa-
rately and mixed in the chamber. Sputtering gas composi-
tions from 100% Ar to 100% O, were investigated. The
majority of data were taken at a total discharge pressure of
1X 10~ 2 Torr, although a limited amount of data were taken
at higher pressure. An anode-cathode separation of 9 cm and
a cathode voltage of — 1400 V (p-p) were used throughout
the experiment. GDMS signals in the 1-300 amu range were
collected.
Figure 1 shows the intensity of ionic signals of 12 species
as a function of sputtering gas O, content for a total dis-

*/AUO"

, (el

o 50 100
% 02

F1G. 2. The relative flux to the substrate of (a) AuO*/Au™ ions, (b)
AuO;" /Au" ions, and (c) AuO," /AuO™ ions as a function of sputtering
gas O, content. Total pressure is: O—1.0, 8—2.0, (—2.5, 3—3.0%x 1072
Torr.
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charge pressure of 1 X 10~ 2 Torr. Ions bearing target species
are: Au* (196 amu), AuO* (212amu), AuO," (228 amu),
and AuAr* (236 amu). Unusual ions containing Ar, such
as AuAr* , ArO* , and ArQO;" are the products of associ-
ative ionization reactions involving neutral Ar atoms in
long-lived metastable states and neutral ground state Au or
0,. 10,12-14

Figures 2(a) and 2(b) show the relative flux of
AuO*/Au™* and AuQ,* /Au* species. In both cases, there
is a rapid increase in the flux of Au-oxide relative to Au
species as the sputtering gas O, content is increased above
50%. Comparing the Ar* and O," fluxes shown in Fig.
1(a), it can be seen that for gas containing < 50% O, the
majority particle population capable of sputtering the target
changes from Ar™ to O;"

A limited amount of data taken at discharge pressure
> 1X 1072 Torr is presented in Fig. 2(a). It can be seen that
increasing the discharge pressure from 1 to 3 10~ Torr
does not affect the relative AuO* /Au* flux. This result sug-
gests that both ions are formed from their corresponding
neutral molecules by a single-step ionization process.'!

The relative AuQ,;" /AuO™* flux, shown in Fig. 2(c),
increases linearly with increasing sputtering gas O, content.
The O;" flux is also a linear function of sputtering gas O,
content. Simple correlation of these results indicates that the
sputtered target species is different depending upon whether
the bombarding ion is Ar* or O;". However, characteriza-
tion of the target surface is essential to further understand
the sputtering dynamics which result in the ejection of Au-
oxide species.

In summary, we have shown that AuO™ and O," gase-
ous ions are formed when a Au target is sputtered in Ar-O,
discharges. The arrival of Au-oxide molecules at the sub-
strate, in addition to Au atoms, must be taken in account
when modeling the growth of Au films sputter deposited in
O,-bearing discharges.

The author wishes to thank Professor M. E. Marhic and
Professor G. S. Baker for helpful comments. Preparation of
this manuscript was supported under U.S. Army Research
Office Grant No. DAAG29-84-K-0126.
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Jl. Optical Emission from Neon/Oxygen rf Sputtering Discharges
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J2. Figure Relating Ne , O , and O Ionic Flux to the Discharge
i 2
O Content, Obtained by Glow Discharge Mass Spectrometery
2
using a ZnO Cathode,
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Optical emission from neon/oxygen rf sputtering glow discharges

C.R. Aita®

Materials Department and the Laboratory for Surfoce Studies. University of Wisconsin-Milwaukee,
Milwaukee, Wisconsin 53201

M. E. Marhic

Department of Electrical Engineering and Computer Science, Northwestern University, Evanston, Illinois
60201

(Received 22 February 1982; accepted 18 August 1982)

The results of an optical emission study of neon and oxygen species which exist in Ne/O, rf diode
sputtering glow discharges are presented. Comparing emission intensities in pure Ne and Ne/O,
mixtures at constant total gas pressure, it was found that the addition of O, to the sputtering gas
quenches Ne 1 emission and increases emission from O 1 and O," species to a greater extent than
that which would be expected from the relative changes in neon and oxygen concentrations,
respectively. Although this effect could be caused by a change in the electron density and electron
energy distribution function, the correlation between Ne 1, O I, and O," emission suggests that
metastable neon atoms may interact directly with ground state diatomic oxygen molecules in two
competing ways: (1) by Penning ionization which produces O;", and (2) by a quasiresonant
transfer of excitation which leads to the production of O. The results are compared to those
previously obtained for Ar/O, discharges using identical sputtering conditions, where the
dominant interaction between the rare gas and O, leads entirely to the production of monatomic
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oxygen.

PACS numbers: 32.30.Jc, 52.80.Hc, 32.70.Fw, 33.70.Fd

I. INTRODUCTION

Neon/oxygen and argon/oxygen gas mixtures, when used to
reactively sputter deposit oxide films, have been observed to
vield different film compositions.'? as well as different glow
discharge mass spectra.’ for the same metal-oxide system.
In a general way, these differences have been attributed to
the fact that a metastable neon atom Ne™ can ionize a ground
state oxygen molecule O} by a nonradiative collisional ener-
gy transfer (Penning ionization)

Ne™ + O0]—Ne” + 0, +e-, m
whereas a metastable argon atom cannot.**

However, a Ne™-Of reaction which may possibly com-
pete with that described by reaction {1} was identified by
Bennett and co-workers while studying the low pressure dis-
charges of rare gas—oxygen lasers.”* A quasiresonant trans-
fer of excitation was proposed to occur between a metastable
rare gas atom and a ground state oxygen molecule which
becomes excited to a repulsive energy state and subsequently
dissociates. At least one of the atomic oxygen dissociation
products is left in an excited state. This sequence of events
can be described by the following reactions:

R™ + 07 —0? + R°, (2a)

02—0* + O{2p *P). (2b)
where R denotes a rare gas atom, an asterisk superscript
denotes an excited species. and Of2p *P)is the ground state of
atomic oxygen.

In a previous study,’ optical emission spectroscopy was
used to investigate the argon and oxygen species which occur
in the glow discharge during the reactive rf diode sputtering

9 J.Vac. Scl. Technol. A, 1(1), Jan.-Mar. 1983  0734-2101/83/010089-05801.00

of a zinc oxide target. Although metastable argon with ener-
gy levels at 11.5 and 11.7 eV cannot Penning ionize molecu-
lar oxygen, the results indicate that there is an interaction
between the two species when the sputtering gas contains
less than approximately 15% O,. An excitation transfer of
the type described by Eq. {2} was the proposed mechanism.
In the present paper, we report the optical emission behav-
ior of neon and oxygen species which occur in the glow dis-
charge during the rf diode sputtering of a zinc oxide target
using Ne/O, gas compositions ranging from pure Ne to pure
O,. The results are discussed in terms of the Ne™-O9 reac-
tions described by Egs. (1) and (2) and are compared to the
results that we have previously reported for Ar/O, dis-
charges generated using identical sputtering conditions. The
results presented here could be attributed to a change in the
electron density and electron energy distribution function.
However, arguments are presented here to support the pro-
position that the behavior can be explained by a direct inter-
action between neon and oxygen species.

il. EXPERIMENTAL PROCEDURE

The glow discharge was generated at 13.56 MHz in the
previously described rf diode sputtering apparatus.'” The
chamber was pumped to a base pressure of 5x 10~7 Torr
before the sputtering gases, 99.999% Ne and 99.97% O,"'
were admitted in various ratios. The total working chamber
pressure was 1 1072 Torr. The sputtering target was a
99.999% zinc oxide disc which was bonded to a water-
cooled cathode to which a voltage was applied. The anode-
cathode separation was 8.9 cm and the rms cathode voltage

© 1983 American Vacuum Soclety 69
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70 C. R. Aits and M. E. Marhic: Optical emission J1.2 70

b ) was — 1000.V. |
E Light which was emitted from the region between the an-

F

ode and the cathode was focused onto the entrance slit of a
Jarrel-Ash Model 82-4000 spectrometer. An Oriel Detector
Model 7070 was used to detect light at the spectrometer exit
slit. The spectroscopic notation that is used throughout this
paper is discussed in Appendix A.

INTENSITY

. 1it. NEON OPTICAL EMISSION
g Twenty five observed emission lines resulting from 2p 335~ w
2p 33p electron transitions of the neutral neon atom (Ne 1)*? o
. and their relative intensities in a pure Ne discharge are re- <
S corded in Table I. The ratio of the intensities of any two 3
o transitions is not consistent with radiation emitted from a x
.:3 . plasma in which the excited states are in thermal equilibri-
\K} '-d'_. um, and the number of atoms in any given state is propor-
s tional to the statistical weight and the Bolizmann factor."? o 4 2
On the other hand, we have found that the intensities of the [o] 20 40 60 80 100
w majority of these lines are consistent with radiation emitted ) R T OXYGEN
o ; from a thin plasma in which the effects of reabsorbed, or PERCENT OXYGE
p imprisoned, radiation'* can be ignored, and the intensity of 100 ' Y — r
S the radiation spontaneously emitted upon de-excitation of
- :n;lecuon from an upper level & to a lower level i is given o %944 ‘3‘
Y > 80} v 6266 A -
L, = (1/4mhv, A, n,, 3) 5 o 62174
J- . - - - - 3 2
W where v, is the frequency of the radiation, 4,, is the Einstein - 4 63344
- coefficient for spontaneous emission, and n, is the popula- > eof 4
tion of the upper level. =
1 *;
TaaLE . Neon 1 transitions investigated in this study. ot 4r 1
;F.V — 3
o Relative w
-~ Transition Wavelength intensity x 20} 4
Systematic Paschen A in pure neon
.-
b. 35,~3 pi 155-2 p; 5881.90 10
: 35, -3 p1, 152 p, 5944.83 17 fo) "
35,0395, L2 ps 5975.53 4 o 20 40 €0 80 100
I 32,53 pua 1552 p, 6143.06 16 ) PERCENT OXYGEN
e . . . .
,-_" 33;“'; Pu :‘;"i” :i;ig 2; FIG. 1. Neoa | emission line intensity normalized 10 the value of the intensi-
lslrl P h"z P 6402.25 © ty for (a) four Ne 1 transitions which terminate in 1s,, or 35, (nonmetasta-
Py o 7032.41 2 ble) levels, and (b) four Ne 1 transitions which terminate in 3s,; of s,
N P b ' metasiable) levels, as a function of o
r,,* 35,3 p;, 1522, 6030.00 5 { ) as a function of sputienng gas O, content.
o 3,,-3 P 15:-2p, 6074.34 x|
35,-3 9, 15:-2p, 6096.16 29
3,355, 15,2 24 6128.45 k1] ) o _
A 35,,-3 py; 15-2p, 6304.79 7 The spectra of eight Ne 1 transitions were monitored over
o 15,,~3 2,1 152 p, 6382.99 3 the range of sputtering gas O, content from 0% to 100%
. 35,,-3 p1a lse-2p, 6506.53 36 without interference from oxygen emission lines or bands.
2 2‘3’3' :;"ifw ﬁg;; ; Figure 1 shows the emission line intensity normalized to the
Yr 1-3 : o l"_zz : 6266.50 7 value of the intensity when pure Ne sputtering gas is used for
-3 P:: ) 31-2 ’: 6532.88 6 (a) four Ne 1 transitions which terminate in either 3s,, or 355,
N 36, -3 pio 525, 5852.49 100 levels, from which a radiative transition to the ground state
: i 38,=3 Pt 15,-2 p, 6598.95 1 is allowed, and (b) four transitions which terminate in 3s,, or
3g,~3p 1572 9, 6678.28 21 , 355, metastable levels, from which a radiative transition to
o g, -3, 152 ps 6117.04 1" * the ground state is forbidden.
,-: 3g,~3p.: 15-2p, 6929.47 15 It can be seen from Fig. 1, that the addition of O, to a Ne
. 3%,-3pn 52 py 7173.94 2 sputtering discharge quenches Ne I excitation to a greater
" extent than that which is proportional to a decrease in the
oy J. Vac. Sci. Technol. A, Yol 1, No. 1, Jan.-Mar. 1983
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sputtering gas Ne concentration alone. The rate at which Ne
excitation is quenched, determined by the instantaneous
slope of the curves presented in Fig. 1, decreases as the O,
concentration is increased, but does not reach a constant
value.

V. OXYGEN OPTICAL EMISSION

Optical emission from both neutral oxygen atoms (O 1)
and from singly ionized oxygen molecules was observed in
Ne/O, discharges. The strongest O 1 intensity results from
the 3s °S-3p *P multiplet, occurring at 7771-4 A.'® The in-
tensity of this transition normalized to its value when pure
O, sputtering gas is used is shown in Fig. 2 as a function of
the sputtering gas O, content.

Emission from excited neutral oxygen molecules is, in
general, difficult to observe in discharge tubes at low pres-
sure.'” The first negative bands of the O;" molecule,'® how-
ever, were easily observed in the discharges studied here.
These emission bands originate from a ‘X [~ =*/T, vibration-
al transition. The two most prominent sequences, dv =1
with band heads occurring from 5632t0 5521 Aand dv =2
with band heads occurring from 5293 to 5234 A, are respon-
sible for the pale yellow-green color of the pure O, dis-
charge. The spectra of the 4v = 2 sequence was monitored
over the range of sputtering gas O, content from 0% to

100¢% O,. The (5.3) band head, which occurs at 5251 A, is the
strongest, and its intensity normalized to the value of the
intensity when pure O, sputtering gas is used is shown as a
function of sputtering gas O, content in Fig. 2.

It can be seen from Fig. 2 that both O 1and O;" excitation
increases to a greater extent than that which is proportional
to an increase in the sputtering gas O, concentration alone.

'oo hd L) T T
z s} -
n
2
e
E 60 -'
w
2
~ 40fF 7
«
-
w
T 20} o 03° A
o o'
o 1 1 1 L
[0} 20 40 60 80 100

PERCENT OXYGEN

FiG. 2. Emission intensity from the O 1 35 °S-3p *P multipiet and the ($,3}
band head of the first negative O,~ band system, normalized to the value of
the mtensity when pure O, sputtering gas is used, as a function of sputtering
g3s O, content.
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V. DISCUSSION OF RESULTS J1.3

A metastable neon atom, with energy levels at 16.6 and
16.7 eV, has sufficient energy to ionize (12.1 eV) and excite a

S ab gt

n

"ground state oxygen molecule to a */7, energy level. The

intensity of the first negative O;" bands is indicative of the
density of */7,0," species in the glow discharge. Hence, the
enhancement of the relative intensity of the first negative
{5,3) O,* band head (Fig. 2) and the simultaneous quenching
of Ne 1 excitation [Fig. 1(b)] as the sputtering gas O. content
is increased from 0% to approximately 40% suggests that
the Penning ionization reaction described by Eq. (1) occurs
over this range of sputtering gas O, concentration.

The increase in the number of O{3p *P) species as O, is
initially added to the discharge (Fig. 2} is consistent with the
quasiresonant excitation transfer described by Eq. (2). There
is sufficient energy transferred in the reaction

Ne™ 4+ 03—0? + Ne° (3a)

to both dissociate O? {5.09 eV) and excite one of the dissocia-
tion products to an O{3p *P) level (10.74 eV),

Or—O(3p *P) + O(2p °P). (3b)

The other dissociation product, ground state oxygen, will
also contribute to the O(3p *P) population by excitation to
that level after electron impact

O(2p ’P) + e~—0O{3p°P) + ¢, (4)
where it is assumed that the selection rules for electron-in-
duced collisions, in this case, are the same as those that apply
to radiative transitions.”*

The increase in the number of O(3p 3P} species occurs
more slowly when the sputtering gas content exceeds ap-
proximately 10% O,. There are two possible reasons for this,
within the framework of the proposed model. First, the oc-
currence of the quasiresonant excitation transfer reaction,
proposed as the mechanism for atomic oxygen formation at
low sputtering gas O, partial pressure, may decrease because
of a decrease in the number of available Ne™-O7 reacting
pairs. Second, monatomic oxygen may react with the in-
creasing number of other oxygen species in the discharge to
form higher order molecular oxygen complexes.'® Mass
spectrometry data shows that during the sputtering of a zinc
oxide target in Ne/O, gas mixtures, O, and O, complexes
are formed in increasing number as the sputtering gas O,
content is increased. '’

Finally, the observed decrease in Ne 1 emission upon the
addition of O, to the sputtering gas, as shown in Figs. 1(a)
and 1(b), is consistent with the interaction mechanisms de-
scribed above. A decrease in the Ne 1 (2p 33s) metastable
population leads to a decrease in the Ne 1(2p *3p) popula-
tion and hence to a decrease in optical emission from all Ne 1
(2p 33p—2p 33s) transitions whether or not the lower level of
the transition is metastable, as shown in Appendix B.

VI. COMPARISON BETWEEN Ne/O, AND Ar/O,
DISCHARGES

The Ne/O, and Ar/O, discharges which are discussed
below were generated using identical sputtering conditions
of total gas pressure, anode—cathode spacing, and target vol-
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detail in Ref. 9.

Several differences can be observed when comparing the
optical emission from rare gas np*(n + l}s — np*ln + 1) p
electron transitions in Ar/Q, and Ne/O, discharges, for ]
which the ground state configuration is np® with n = 2 for 1 ]
Ne and n = 3 for Ar. Argon I emission line intensities from
3p*4s — 3p*4p transitions which terminate in 4s,, or 4sg, lev-
els, from which a radiative transition to the ground state is Ry,
allowed, decrease in a nonlinear way as approximately 15%

0, is added to the Ar discharge. However, intensities corre-

sponding to Ar 1 transitions which terminate in 4s,, or 455 o L
metastable levels were found to increase over the same range FiG. 3. An energy level system in which the pupulation of the suddle level
of sputtering gas O, content. The apparent increase in inten-  interacts with the population of another specics.

sity of these transitions was attributed to a decrease in the
amount of reabsorption from 4s,, and 4s, levels due to a

E tage. The Ar/0, results cited in this section are discussed in 2 T
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decrease in their population.?® This effect is not observed in APPENDIX. A ' . . .

the behavior of the emission intensities of Ne | Systematic or modified Racah™’ notation will be used t0
2p*3s — 2p°3p transitions which terminate in metastable en- specify transitions between the cnergy levels of the neoa
ergy levels, which can be seen from Fig. 1(b). atom. The principal quantum number and the orbital angu-

Another difference that was observed in the rare gas opti- lar momentum of the valence electron are specified in the
cal emission spectra of Ne/O, and Ar/O, discharges is the  traditional way. The first subscript denotes the angular mo-
range of O, partial pressure over which the decrease in rare ~ mentum of the atom exclusive of the spin of the valence elec-
gas excitation departs from linearity, and hence the range of  tron minus 1/2. The second subscript denotes the total angu-
spunerins gas 02 content over which a rare gas-oxygen in- lar momentum ({f the atom. The levels are pmncd if lhey
teraction occurs. In Ar/O, discharges, Ar I emission line  converge to the “P,,s level of the ion which lies above the
intensity decreases as a linear function of the O, content as  lowest ionization limit. Paschen notation, although used ex-
the spuucﬁng gas O2 content is increased above appron. lensiVCly tn the lilel’alure, iSObSOlClC. HO\VC\'C‘. it1s included
mately 15%; in Ne/O, discharges, linear behavior of the in Table I so that this study can be conveniently compared to

g 25

- =

intensity versus O, content curves is never achieved. others in the literature.
Spin-orbital angular momentum {LS) coupling will be
) Vil. CONCLUSION used to describe the energy states of the oxygen atom.* The
Byl notation and terminology used to describe transitions

It may be concluded from the optical emission data pre-  perween the energy levels of the diatomic oxygen molecule is
sented above that the presence of O, quenches Ne 1excita-  giccussed extensively in Ref. 23.

tion in Ne/O, rf diode sputtering glow discharges. We pro-
pose that a direct interaction of neon with oxygen species is APPENDIX B

r<a

responsible, although this effect could also result from a Consider a three energy level system €,,€,,6. with corre-
::t qhange in 'lhc electron density and electron energy distribu-  sponding populations n,,n,,1, as shown in Fig. 3. Let R, be
N tion function. the pumping rate between any two levels i and j, ¢, be the

Two mechanisms of neon-oxygen interaction are pro-  radiative relaxation time between the levels, and R, be the
posed. Penning ionization of OF by Ne™ increases thedensity  rate of de-excitation due to electron collisions.
of O,7 in the discharge. Quasiresonant transfer of excitation In addition, an excitation transfer occurs between the po-
from Ne™ 1o an excited, repulsive state of O,, which subse-  pulation at ¢, and ground state O, molecules which results in
quently dissociates, increases the density of oxygen atomsin  the return of n, to n,. Assume that this interaction occurs ut

57

Vs

N

the discharge. This is to be compared to the situation in Ar/  the rate of kn,n,, , where & is a constant and n,,_1s the num-
O, discharges, where the dominant interaction between the  ber of ground state O, molecules in the discharge.
rare gas and O, leads entirely to the production of monato- At equilibrium,
LV ] 1~
:i: mic oxygen. dn/dt = Ro\ny — R\n, + Ryn; — R»m,
I ACKNOWLEDGMENTS +wnnz =@, = knyag, =0, Bl
& The authors gratefully acknowledge T. L. Barr for many dny/dl = Roang — Rtz = Riany = Ry
‘ heipful discussions, and J. M. Mennig and T. A. Myers for — Wy — wyn; =0, (B2
'r assistance with data collection. where w,, = (1,,)"'. Adding Eqgs. (B1) and (B2),

. &I

’ R +R 2 R'v - W
Ry, + Ry = (R, + @,y + kng Iy — (Ryg + woelny =0, =[ o1 u2 ] _[ 29 2u ]n:,
™ 02y | ) 0,1 — (R + @yolny n, Rra+ g + kg, Ny Ry + o+ kng,

__pﬁ
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Substituting Eqg. (B3] into Eq. IB2) and rearranging,

e . [(R:,.+R,,+w:,+w:,.)+[ (R0 + @Ry ”n,= [Ro,+

Ryo + @y + kng,

) ™ solving for n,
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* Equation {BS)is a general expression for the population of an

RnQ'R 0 - (um -+ k"o ' <+ R.s'Rn] + Ro‘z)

upper level n, of a three energy level system in which the
population of the middle level transfers excitation to the
ground state population of another species. In order to
evaluate the behavior of the Ne/O, discharges discussed
here using Eq. (BS), let n, = the number of ground state Ne
atoms a1, in the discharge. 7, = the number of Ne atoms at
one of the two metastable (2p *3s) energy levels. n, = the
number of Ne atoms at any (2p *3p) energy level from which
a de-excitation to €, occurs. If it is assumed that the ground
state population of both Ne atoms and O, molecules in the
discharge is very much greater than the population of neon
or oxygen species in excited or ionized state, then the total
number of particles in the discharge n, will be approximate-
ly equal to ny, + 7, . Furthermore, since the experiment
was performed at constant pressure, 2, will be constant for
all Ne/O, gas ratios. Substituting ny, = nq = ny — ng_into
Eq. (BS), we obtain

n. = [(4 + Bkng )/IC + Dkng )](ny — ng ), (B6)
where

A=R IRy + Rpp) + RglR o + @40)s

B=R,,,

C = R2Ryp + w3o) + (Rag + Ryy + @3y + 030)(R 0 + @10}
D =(R,y+ Ry + w3, + ws,).

Equation (B6) relates the population of any Ne{2p *3p) lev-
el to the strength of the Ne™-0? reaction and the rates at
which excitation and de-excitation of the Ne 1 population
occurs. This equation has the value of n, = An,./C at the
limit n5 = 0 and the value of 7, = 0 at the limit ny, = n..

The effect of a variation in the electron concentration and
energy distribution on the Nef2p *3p) population as the Ne/
O, ratio in the sputtering gas is varied is expressed by the
functionality of the coefficients 4, B, C, and D. The contribu-
tion of the radiative relaxation frequencies @, to these coeffi-
cients is constant with changing O, partial pressure, since
the values of these frequencies are derived entirely from the
structure of the neon atom.

If, to a first approximation, the coefficients R,, and R, can
be assumed to be constant with changing sputtering gas O,
partial pressure, the coefficients A, B, C, and D become con-

J. Vac. Sel. Technol A, Vol. 1, No. 1, Jan.-Mar. 1983

(R~o -+ R~| + @y ~ wso)(Rlo + w0 <+ k"o ) + R'z(Rqo + a)m)

J1.5
{Roy + RpalR 2 ]
Ryo + @0 + kng, ] o (B4
] (B5)

I
stants. In this case, Eq. (B6) describes a hyperbola which is
skewed with respect to the coordinate axes. This can be
shown explicitly by a change of variable: x = C + Dkng, .
This model predicts emission intensity curves whose general
shapes are in good agreement with those presented in Fig. 1.

*'The experiment described in this paper was carried out at Gould Labora-
tories, Electronic and Electrical Research, Rolling Meadows, Illinois,
where the first author held the position of Senior Scientist.
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o+, 0,*, 0,* and O,* ions in Ar-0, sputtering
discharges: comments on ‘Oxidation mechanism
in rf CO, plasma’’, Vacuum, 36, 85 (1986)

Csrolyn Rubin Aita, Materials Department and the Laboratory for Surface Studies, University of
Wisconsin-Milwaukee, PO Box 784, Milwaukee, Wisconsin 53211, USA

and

Michel E Marhic, Department of Electricsl Engineering and Computer Science, Technological Institute,

Northwestern University. Evanston, lllinois 60201, USA

received 21 October 1985

In this communication. we comment o 2 recent paper, ‘Oxidation mechanism in rf CO , plasma,” by J Nakano
and M Suzuki, Vacuum 36, 85 (1986). Our comments concemn (1) the occurrence of O *, 0,°, 0,°, and O,*
species in 10-"° torr, rf-excited, Ar/O, glow discherges and (2) Ar-O, intersction in Ar/Q, glow discharges.

In the following communication, we make two comments on a
recent article' by Nakano and Suzuki concerning the oxidation of
Si in Ar/5%0, and O, glow discharges.

First. Nakano and Suzuki cite Aita and Marhic? as a reference
for the linear increase of O, * ions as a function of increasing O,
partial pressure in Ar-O,?, rf-excited (13.56MHz) glow dis-
charpes. This information is not contained in the cited work.
However, results in support of the statement are presented below,

The results presented here were obtained by glow discharge
mass spectromerry (GDMS)™ 4, a method for determining the
flux of positive jon< incident on the substrate plane during a
deposition. Jons were discriminated on the basis of mass-to-
charge ratio. lons detected by GDMS were created in the
diccharge, not by an external jonizer. An rf-diode apparatus
equipped with a glow discharge mass spectrometer, described in
rel 4. was used for the experiment. The cathode was a water-
cooled Au target to which — 1000 V (rms) was applied. The anode
was at ground potential. The anode-cathode separation was
9 cm. The sputtering gases were 99.999% Ar and 99.97% O,,
admitted separately into the chamber using piezoelectric leak
valves, The residual gas pressure in the chamber was $5x 10°°
torr. The residual gas consisted of water vapor. The total gas
pressure was | x 10 torr.

The intensity of the ionic signals at 16, 32, 48 and 64 amu,
attributed 10 0°. 0,°. 0, . and O, species respectively, were
determined for Ar-O, sputtering gas composition from 100% Ar
to 100%% O,. The intencity normalized to its value obtained using
1074 O, gas is shown in Figure | for each species as a function of
the sputtering gas O, content.

Tt can be seen from Figure 1 that the increase in the O, * ionic
signal intensity is directly proportional to increasing sputtering

o‘
o

oS-

Ret. Nus

Figwre 1. The reiative intensity of ionic signals attributable to 0°. 0, .
0,°.snd O, * species. normalized to valves obtsi~zd in pure O, gas. as 2
fanction of the sputtering gas O, content.

gas O, content. This result supports the citation by Nakano and
Suzuki. However, the 0*. O,*. and O, * ionic flux are quenched
by the presence of Ar in the discharge.

Our second comment concerns the reactivity of Ar glow
discharges containing 2 small amount of O,. Nakano and Suzuki
state that Ar is 2 non-reactive component in the discharge.
However. in ref 2 we discuss 3 quasiresonant transfer of excitation
between an Ar atom in a low.lying metastable energy level and a
ground state O, molecule. The reaction produces O, excited to a
repulsive energy level, which dissociates to [orm monatomic O.
The quasiresonant transfer of excitation described here has long
been known to laser researchers as 2 means of production of O
stoms in 2p'S, and 2p'D, states, species essential 10 the
operation of the Ar~O, gas laser °. Atomic O is more reactive with
respect to oxidation than ground state O,. We suggested that
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Carolyn Rubin Aits and Michel £ Marhic: Comments

monatomic O created in this matter may be responsible for the
rapid oxidation of sputiering targets in Ar discharges containing
<15% 0,.

Another reaction between Ar and O, leads to the formation of
{ArO)" and (ArO,)” compiexes detected in sputter deposition
discharges®. An associative ionization reaction between an Ar
atom excited to a long-lived highly excited Rydberg state and a
ground siate O, molecule was proposed to be responsible.

-J3.2-

Refereaces

' 1 Nakano and M Suzuki, Facuum, 36, 55 |1956).

2C R Aita and M E Marhic, J uppl Phys. 52, 6556 (1981).

*J W Cobum, J Sci Instrum, 41 1219 (1974,

¢ Carolyn Rubin Aua, J Vuc Sci Technol, A 3, 025 (1985). Sex referenc
within review.

* W R Bennett Jr. Appl Opucs, Suppl. I 1 (1962). Sex refcrences with.n
review.,

* Carolyn Rubin Aita und Robert J Lad, J appl Phys, 60, 337 (1980,

Further comments by Professor Nakano

1. Concerning the first comment, we are very pleased 1o see the
detailed data rclating oxygen ion density to oxygen concentra-
tion. In our paper, we qualitatively compared the oxide thickness
grown in rf discharges of 100% O, and 95% Ar + 5% Q, was not
sufficient to explain the fast oxidation rate. The new data of Anaet
al shows that the oxygen ion density in the Ar + O, mixture gas is
somewhat less than that expected from the O, concentration. We
think this result supports our results.

2. Concerning the second comment, we believe  that our
oxidation cond:tion was different from that used by Aita ¢t ul. The
most important condition in our experiment is the existence of a
thermally grown oxide and pre-grown rf-oxide during f oxi-

dation. No metal ion or atom was expused on the f discharge.
Therefore the oxidation rate must be determined by the wn
lransport across the pre-grown oxide at room lemperatuse.
The experimental conditions described by Aita et alin 1981 are
different from ours. 1n their work the target surfuce was heavily
sputtered by ions and the Zn metal was consiantly exposed to the
plasma. In this situation the oxidation rate may be determined by
the reactivity of the species in the plasma. If the reactivity of the
oxygen atom is the motive force of the oxide growth, a new
mechanism of ion transport across the pre-grown oxide must be

proposed.
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(ArO)* and (ArO2)* ions in rf sputter deposition discharges

Carolyn Rubin Aita and Robert J. Lad®

Materials Department and the Laboratory For Surface Studies, University of Wisconsin-Milwaukee,
P.O. Box 784, Milwaukee, Wisconsin 53201

(Received 28 February 1986; accepted for publication 31 March 1986)

Glow discharge mass spectrometry was used to study the occurrence of argon-oxygen ions in rf-
diode sputter deposition discharges. The results show that (ArO)* and (ArO,) ™ ions are
formed over an extensive range of Ar-0, sputtering gas mixtures. The populations of these ions
are independent of whether a ZnO or Au target is used and coupled in a manner that indicates
{ArO,) " is formed first then dissociates to form (ArO) *. An associative ionization reaction
between an Ar atom in a highly excited long-lived Rydberg state and ground state O, is proposed

to be responsible.

Radio-frequency-excited rare gas—O, glow discharges
in the 1072-10~" Torr pressure range are used for reactive
sputter deposition of metal-oxide films. Far from being inert,
rare-gas atoms in long-lived excited states engage in reac-
tions with ground state O,.' The product oxygen species
formed depend upon the amount of energy transferred from
the rare-gas atom. Hence, different rare gases produce differ-
ent oxygen species which may affect different chemistry and
crystallinity in the film. This phenomenon has been demon-
strated in a study of the Pt-O alloys formed in Ar-O, and
Ne-0, discharges.?

The best known rare gas-Q, reaction occurring in sput-
ter deposition discharges is Penning ionization?:

R™+O0!—R°+0O,” +e". (1)

The reactant rare-gas atom R™ is in a low-lying metastable
state with energy greater than 12.1 eV, the first ionization
potential of OY.

*' Permanent address: Applied Physics Department, Yale University, New
Haven, CT 06520,

837 J. Appl. Phys. 60 (2), 15 July 1986
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Argon is the most common rare gas used in conjunction
with O.. Ar-0, interaction in sputter deposition discharges
is therefore of interest. Ar™, with energy levels at 11.55 and
11.72 eV, does not have sufficient energy 10 Penning ionize
0O9. However, the results of a previous study' indicate that a
quasiresonant transfer of excitation® occurs between Ar™
and O%:

Ar™ + O} —Ar + OF*. (2)

The reaction product O?*, diatomic oxygen excited 10 a re-
pulsive energy state, subsequently dissociates:

03*—0* + 0°. (3)

The products of reactions (2) and (3) are neutral spe-
cies. /n situ mass spectrometry shows that charged products
of the Ar-O, interaction are also formed: (ArO) ™ and
(ArO,)* ions. The present communication deals with the
occurrence of these ions as a function of the sputtering gas O,
content, total discharge pressure, and target material. Based
on the results presented here, possible argon—oxygen inter-

.action in addition to reactions (2) and (3) is discussed.

Glow discharge mass spectrometry (GDMS), used
heretodetect (ArO) ™ and (ArO,) ~ species, is a method for

© 1986 Amencan Inst.uite of Physics 837
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determining the relative flux and energy of positive ions inci-
dent on the substrate plane.** Ions detected by GDMS are
created in the negative glow region of the discharge during
the natural course of events of the sputter deposition process.

The glow discharge was generated at 13.56 MHz in the
previously described rf-diode apparatus,® shown schemati-
cally in Fig. 1. The spectrometer consists of a sampling ori-
fice in the substrate table at the anode, a collimating lens, a
quadrupole mass analyzer. lons from the negative glow
cross the substrate sheath, pass through the orifice, and enter
a three element Einsel lens in which they are collimated.
Electrons from the discharge which pass through the orifice
are separated out of the ion beam by permanent magnets
surrounding the Einsel lens. The ion beam then enters a qua-
drupole mass analyzer where ions are separated on the basis
of mass-to-charge ratio. The output signal is detected by a
channeltron. Signals as small as 10~'* A can be detected.
The spectrometer resolution is | amu. The GDMS apparatus
is differentially pumped and maintained at a pressure of

1x107° Torr.

Two target materials were used in the present study,
Zn0 and Au in the form of 20-cm-diam disks. The chamber
was pumped to a base pressure of 5% 10~7 Torr and back-
filled with the Ar-O, mixture under investigation. 99.97%
pure O, was admitted using a manual leak valve and a ca-
pacitance manometer sensor. 99.999% pure Ar was then
admitted using a piezoelectric valve and a pressure con-
troller which maintained the total discharge pressure at ei-
ther 1.0, 2.0, 2.5, or 3.0 X 10~ 2 Torr. A 9-cm anode-cathode
separation and a — 1000-V rms cathode voltage were used
throughout the experiment.

Signals in the 1-120-amu range were collected. Signals
at 56 and 72 amu were attributed to (ArO) ™ and (ArO,) ™,
respectively. These signals were normalized to the total sig-
nal intensity collected for each set of sputter deposition con-
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FIG. 1. rf-diode sputter deposition apparatus with attached glow discharge
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ditions. Normalization to the total signal intensity ¢nabled
comparison of data independent of chunneltron bias taken
over a three-year period on three sputter deposition setups,
including a change from hot-oil diffusion to cryogenic
pumping. The total signal is relatively insensitive to sputter-
ing gas O, content. Therefore, the functional dependence of
a particular normalized signal on gas O. content is a good
estimate of the relative amount of each species in the nega-
tive glow.

The normalized (ArO) ™ signal is shown in Fig. 2 as a
function of sputtering gas O, content for the following con-
ditions: (a) ZnO target, 1.0 107 *-Torr total pressure, (b)
Au target, 1.0X 10~ *-Torr total pressure, and (¢) ZnO tar-
get, 2.0, 2.5, and 3.0% 10~ *-Torr total pressure. It can be
seen from Fig. 2 that (ArO) ™ ions are formed over an exten-
sive range of Ar-0, gas mixtures. In general, the normalized
(ArO) * signal initally increases with increasing gas O,
content to reach a maximum. Further increasing the gas O.
content causes the (ArO) ™ signal to decrease. The position
of the maximum (ArO) * signal is shifted to lower gas O-
content as the total discharge pressure increased above
1.0 10~2 Torr (Fig. 2(¢)]. Based on the data presented
here, it is not possible 1o detect differences in the (ArO)~
signal intensity as a function of gas O, content as the total
pressure is increased above 2.0 10~ ° Torr. For the swme
total pressure (1 10~ * Torr), the data obtained using a Au
target is within experimental error of that using a ZnO target
[Fig. 2(b) ]. It is concluded therefore, that (ArQ) ™ forma-
tion is not dependent upon a process involving dissociation
of a sputtered ZnO target molecule.

An (ArO) * signal is sometimes observed in a nominal-
ly “*pure” argon discharge, but its value is always < 10~% of
the total signal. The existence of an (ArQO) ™ signal when no
O, is intentionally added to the dischurge is attributed 10 2
reaction between Ar and residual H.O in the chamber.” At

. 1 -
I 12 FIG. 2 The (ArO)~ signd
}% \$ ntensily normalized 10 the
» % : total GDMS signal intensty
/ as a funcuon of the gas O,
“ H ¢/ content for the following
'3 s b conditioas: (a) ZnO target,
,‘ . 1.0X 10~ -Torr towal pres-
» sure. Error bars reprexent
- @ two standard deviauons from
= 2 ;IITFFF the maan for a sample waze

-
73 » > 15. The dashed line is the
3 best fit Lo a smooth curve lor
e st the mean values. (b) Au tar-
~ sl get, 1.0x10™%-Torr totul
. pressure. Error bars from ()
3 are drawan for companson.
= ®re (¢) ZnO target, 2.0 (heru-
o /3—%3-\52\\ guns), 2.5 (squares), and
J.OA 10" -Torr (curcles} to-
» / tal prexsure. The sobd hne
. / are the beat Gt of a smoutn
'/ cune to the data for 2.0 and
s 504107 ° Torr. The dashe
1 15 &z O e from (a) s drawn for
ompanson.
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the other extreme of gas O, content, no (ArO) ™ signal is
detected in a nominally “pure” O, discharge.

The (ArQ) * signal intensity is 8-15 times greater than
the (ArO,) ™ signal intensity. The (ArO™)/(ArQ,)* sig-
nal ratio is independent of total discharge pressure, gas O,
content, and target material. The manner in which the
(ArO)™* and (ArQO,) ™ signals are coupled suggests that
these species originate from the same process, one in which
(ArOQ,) ™ first forms and then dissociates to form (ArQ) ™.

Associative ionization similar to a Hornbeck-Molnar
process® may be responsible for argon—oxygen ion formation
in sputter deposition discharges. An associative ionization
reaction between an excited Ar atom and a ground-state
molecule tc form a charged heteronuclear complex has been
studied in other systems in which Penning ionization of the
molecule by Ar™ is energetically forbidden.>'* These sys-
stems include Ar-N, (Refs. 9-11), Ar-H, (Ref. 12), and
Ar-HD (Ref. 12). An Aratom, Ar*®, in a long-lived highly
excited Rydberg state with an energy of 15.55 eV is involved
in the reaction,' not low-lying Ar™. Ar** lies close to the
ionization potential of Ar at 15.75 eV.

In the case of the Ar—0O, system, the associative ioniza-
tion reaction described above would produce

Ar*®* — O3 —(Ar"=0:)youne +€~- (4)

Reaction (4) can be explained in terms of a crossing of the
potential energy curves of the two systems (Ar** + O,) and
(Ar™ + 0.).'*" The electron ejected by the reaction car-
ries away almost no kinetic energy. The product
(Ar™-0)y,..a dissociates to form (ArO)™ and O.

For reaction (4) to be possible at thermal energies, the
ionization energy of Ar**, 0.2 eV, must be less than the dis-
sociation energy of (Ar*—0,)yyuua into Ar™ and 0,.'° An
associative ionization reaction between Ar in a low-lying
metastable state and Of is not likely since the ionization
energy of Ar™, ~4 eV, is much too large.

It is also possible that an ion-molecule reaction is re-

- I I SR R I N Sy
M\t‘.&’.\'.'u’.'-'n'-i'!':'-’.'ﬁ,.'l - D':" .'v':‘v A S AL Tl e W Ca>at

sponsible for the production of argon-oxygen ions in the
discharge. A dissociative charge transfer reaction between a
metastable level of Ar* and ground-state H, leads 10 the
production of (ArH) ™ ions in a 6-¢V center-of-mass colli-
sion energy sysiem.'* A recent study '® of the (Ar + O.) ™
system, however, does not report the detection of (ArO) ™
product ions.
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This paper describes the reactive sputter deposition and optical charact- o
erization of GeO_ where x lies between 1.85 and 2.30. The films were Nt
grown by sputtering a Ge target in Oz-bearing atmospheres containing 0 to N
80% Ar. Films deposited in 0 to 60%°Ar were nominally germania. However, t$2
transmission in the UV-visible, the strength of the 245nm defect center, VR
the optical absorption coefficient, and the optical energy band gap were 7
strongly influenced by the presence of Ar in the discharge. Films de- N
posited in gas containing 80% Ar were substoichiometric germania. Q )

he

e

B

h?
3

I. INTRODUCTION ok
r".r
o,
.o,

This paper describes the near infrared-visible-near ultraviolet optical be- -
. i

havior of glassy Geox films where x lies between 1.85 and 2.30. The films were
grown by reactive sputter deposition using a Ge cathode and rf-excited, 02-
bearing discharges containing 0 to 80% Ar.

Spectrophotometry was used to determine transmission and reflection char-
acteristics from which the refractive index, the absorption coefficient, and
the optical band gap were calculated. Chemical analysis using Rutherford back-
scattering spectroscopy was carried out. Combined optical and chemical data
allowed conclusions to be drawn about atomic order in the films as a function
of sputtering gas composition.

Germania was chosen to study because we want to increase our understanding
of the growth of tetrahedral oxide glasses from the vapor phase. Many years
have been devoted to investigating the atomic order, defect structure, and

‘?roc. 2nd International Conference on the Effects of Modes of Formation on the Structure of

Glasses, Vanderbilt University, Nasbville, TN, June 1987

D ATy Iyt AN AN AT AT AT A QTR T T W



TN N A A N A T IR U T T W A T R I T N T W T T a e M A W N W W a e N VU W WU UMMM P KT T8 AT T yT w MW e MWLy T

& T

¥

b 1 o yn A0 JF ' &
e

"L.a!&‘.-! E
Ve TS

o

-

G
-

]
W
N ";a
LA

.-
N
.‘ v

3

v L R T TS P T T SRR L e LN A L R A N N e A L R A R SRV
N N A i N N O A R e A g A A A S B T A T A T e A T A R A A N A AT AT AN S TN N

, -K2-

crystallization kinetics of fused germania (1-~12). However, a solidification
product from the melt may be very different from a material grown from a vapor,
in particular by a deposition process involving exposure of the growth interface
to a plasma. In contrast to the sizable body of literature on fused germania,
there are few basic studies addressing any aspect of thin film growth and
characterization.

II. EXPERIMENTAL PROCEDURE

FIIM DEPOSITION:

A liquid nitrogen cold trapped, hot-oil diffusion pumped, rf-excited
planar diode sputter deposition system was used to grow the films. The sputter-
ing target was an 8 cm diameter, 99.9999% Ge disc which was bonded to a water-
cooled Cu cathode. The substrates were Supersil fused quartz flats which had

been chemically cleaned using a chelating procedure and placed in thermal con- .
tact with a waver-cooled Cu anode. To prevent Cu contamination of the film by
backsputtering of the anode, areas of the anode which were not covered by the
substrates were coated with 1008 of Ge. The distance between target and sub-
strate surface was 5 cm.

The chamber was evacuated to a pressure of 11':10—6 Torr and backfilled to
1x1072 Torr with 99.999% pure Ar gas. The residual gas in the chamber before
backfilling was HZO' The target was sputter—cleaned for 45 min using a 300W
Ar discharge with a shutter covering the substrates. The discharge was then
extinguished, the chamber was re-evacuated and backfilled with a particular
Ar—02 mixture or O2 alone. O2 of 99.97% purity was used for the depositions.
Discharges containing 20, 40, 60, and 100% O2 were investigated. The target
was sputtered in the 02—bearing atmosphere of choice for an additional 45 min
before the shutter was opened and a film was deposited.

FIIM CHARACTERIZATION:

Film thickness was determined using a profilometer to measure the height
of a step produced by masking a region of the substrate during deposition. The
instrument-related uncertainty in each measurement was 11008. The film growth
rate was obtained by dividing film thickness by deposition time.

X-ray diffraction was used to determine whether there was long range atomic
order in the films. None was detected. However, the possibility of microcry-
stallinity cannot be ruled out by this measurement.

Rutherford backscattering spectroscopy (RBS) was used to determine the
relative atomic concentration of Ge and O in the films. An IonX Model 4175

analyzer equipped with 2 Mev He " bombarding ions was used.
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A Perkin-Elmer Model 330 UV=-VIS-IR double-beam spectrophotometer with a
specular reflection attachment was used to measure the transmission and reflec-

tivity of near-normal incidence radiation in the 190-2000 nm wavelength region.
In reflection mode, the instrument was calibrated using a protected Al mirror.
All measurements were made in laboratory air at room temperature, within 12 h
of deposition and again at 6 mo. No aging was observed.

When determining the absorption coefficient q, transmission data was taken
in double-beam mode with a bare substrate in the reference beam path. In this
manner, absorption by the quartz substrate although small (<10%) was subtracted
from the data. For a sample of thickness x and reflectivity R, the transmission

fard B

gi T through the film alone is given by (13):

g& T = [(1—R)ZeXP(-aX)]/[l—Rzexp(-Zax 1. (1)
Rj The optical band gap, as discussed by Tauc (14), was determined from the
+ relationship:

b _ 2

~ Ghv = A(hv-Eo) . (2)
AN

ii where @> 10% cm™} and v is the energy of the incident radiation.

ree,

In the region of high transmittance (hv<Eo), the index of refraction nf(i)
was determined from the position of adjacent interference fringe maxima at Al
and Az on the transmission spectra using the relationship (13):

I

- -1
< n) = {2x[(1/a))-/ )]} (3)
. III. RESULTS AND DISCUSSION

Table I records the discharge conditions, f£ilm thickness, growth rate, and
O/Ge atomic concentration in the films. Film A is substoichiometric: germania.
Films B-F have an O/Ge atomic ratio which lies between 2.0 and 2.5(+5%) and is

is independent of sputtering gas composition. There is sufficient O in Films B=-F
to fully form saturated Ge bonds. The local bonding unit is therefore assumed

;i to be the Ge-O, tetrahedron.

- Film color changes from red-brown (A) to very pale brown (B) to almost im-

ﬁf perceptable pale brown (C) to clear (D, E, and F) as the Ar content of the gas

, is decreased from 80 to 0%.

- Figure la shows the UV-visible transmission characteristics of the film+
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substrate composite. Films B, C, and D, all nominally germania, show increased

absorption in the film of a featureless tail which extends into the visible as
the gas Ar content is increased from O to 60%. Transmittance in the 800-2000 nm
range is >90% for Films B, C, and D, and not shown in Fig. 1. The IR behavior
of Film A, Geol.85' is shown in Fig. 1lb.

Figure 2 shows the near absorption edge behavior of Films B, C, D, E, and F.
Data was taken relative to abare substrate and represents absorption by the
film alone. An absorption ‘'band at 245 nm is observed here. This band has been
extensively studied in fused germania (1,2,4,6,9,12,15). Following Vergano and
Uhlmann (6), and assigning the band to an F' center (O vacancy + two trapped e},
the defect concentration was calculated using Smakula's relationship. The re-
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sults are recorded in Table II. v
TABLE I: Deposition Conditions and 0/Ge Concentration for Ge0, Films ;l
L.
Cathode 2 Film Thick- Growth . 0/Ge
Film Gas Voltage (V) ness (mm) Rate (nm/min) Conc.
A Ar-ZOSO2 2200 1120 6.2 1.85
B Ar-40102 2100 1160 8.2 2.22
C Ar-GOZOz 2100 850 4.7 2.30
D 100102 2000 828 3.5 2.27
E 100%02 2000 430 3.6 2.00
F 10020, 2000 210 3.5 2.00°
a) peak-to-peak voltage required to maintain a 300W discharge.
b) measured by x-ray photoelectron spectroscopy.
(1a) 100 (1b) 100 -
50 - 50.
(S
»
A
0] o
2 10 20
WAVELENGTH (100 nm)
Fig 1: Transmittance through the film+substrate composite as a function of the
wavelength of the incident radiation: Film A, Ar-20%0,; Film B, Ar-40%0.,;
Film C, Ar-60%0,; Film D, 100%0,. 2 2
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The refractive index, calculated from Eg. (3) is shown in Fig. 3 as a fun-

AW

ction of the wavelength of incident radiation in the energy region h\)<Eo. In-

X3

cluded in Fig. 3 is a schematic drawing of the variation of n(A) with X in

the vicinity of an absorption band. The increase in n(\) for An< 350 nm, that
is, as the fundamental optical absorption edge is approached in Films C, D, and
E, demonstrates this behavior. The bars in Fig. 3 are not error symbols, they

EE
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represent the range of A (A 1—}‘ 2) over which the calculation was made.
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~ TABLE II: Defect Concentration® and Optical Energy Band Gap of Ger Films.
:'3 Film Gas Defect Conc. (N/cm3) Eq (ev) A (nm)
W A Ar-20%0 - 1.1 1230
X B Ar-40302 1.6x10;5 3.0 415

o Ar-60%02 1.2x1 0.l 8 4.3 290
. D 100%02 2'4”018 4.5 275
N E 'IOO%O2 3.0x10 4.5 275 '
' F 100202 - 4.5 275
o a)+ 35% error in measuring peak half width (Ref. 6).
N
ﬁ 1.0 -

‘a

1.8 .\ \
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o :
~ Fig. 2: Optical absorption as a function of the wavelength of the incident ,

radiation.
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(R 1.8 T /™
U \
)é — — — —
’ : — - \\ /
Vi F | me——e 3 -
';.' : 1.6} —g—t—0— Acg c/vc ;
D “p X
i . 250 350 450 550 650 A
S A (nm)
~ g 3: a) The refractive index calculated from Eq. [3] for [hc/AJ=[hv]<E

n b) The variation of n{A) with A 1in the vicinity of an absorptionoband
o centered at A_. :

A —— . —— - = P e = o ——— . = w = = = > = e o o — = = a a m o n - e  —— e ————

3: The results presented above show the influence of Ar on the sputter depo-

o sition of films which are nominally germania (GeO,, where 2.0<x<2.3). These

. effects include an increase in the UV-visible absorption and a decrease in the

t energy of the optical band gap as the Ar content of the sputtering gas is incre-

ased. No change in film chemistry accompanies these changes in optical behav-
~ ior. These results are attributed to the disruption of Ge-O 4 bonding by ar’
bombardment of the growing £ilm and will be the subject of further study.
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